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Abstract
In this thesis, a custom quadrupole mass filter setup was established to independently
investigate the impact of the most prominent ion species that are present during ion-
assisted deposition. The setup was applied to the low temperature epitaxial growth
of GaN thin films on 6H-SiC substrates. Atomic nitrogen ions at higher ion kinetic
energies were for the first time independently identified to be the predominant cause of
deteriorating crystalline qualities during growth. Precise control of the ion beam param-
eters yielded the capability to vary the average GaN phase content from almost purely
wurtzite to the meta-stable zinc blende GaN phase. Even in case of comparably high
crystalline quality, the atomic and molecular nitrogen ions were independently deter-
mined to yield distinct thin film topographies throughout the entire observed evolution
of the thin film formation.
Referat
In dieser Arbeit wurde ein maßgefertigter Quadrupol-Massenfilteraufbau etabliert, um
die Auswirkungen der prominentesten Ionenspezies, die während der ionengestützten
Abscheidung vorhanden sind, unabhängig voneinander zu untersuchen. Der Aufbau
wurde für das epitaktische Niedertemperatur-Wachstum von GaN-Dünnschichten auf
6H-SiC-Substraten angewendet. Atomare Stickstoffionen bei höheren kinetischen Ionen-
energien wurden zum ersten Mal in der Abwesenheit anderer Spezies als die dominierende
Ursache für die Verschlechterung der kristallinen Qualität während des Wachstums
identifiziert. Eine präzise Kontrolle der Ionenstrahlparameter ergab die Fähigkeit, den
durchschnittlichen GaN-Phasengehalt von der fast reinen Wurtzit- bis zur metastabilen
Zinkblende-GaN-Phase zu variieren. Selbst bei vergleichbar hoher kristalliner Qualität
weisen die mit atomaren und molekularen Stickstoffionen hergestellten Schichten un-
abhängig voneinander verschiedene Topographien auf, die sich während der gesamten
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1 Introduction
Energetic particles, typically in the form of an assisting ionized flux, are a widely applied
tool to tailor the properties of films or coatings during their deposition and augment
the applicability of deposition processes themselves. In doing so, the versatility of their
applications and hence the precise requirements towards the ion properties (i.e. ion
kinetic energy, charge state, ...) significantly vary depending on the individual use
cases. These range from e.g. the ion beam induced texturing of thin films to merely
increasing the availability of reactants during growth. However, the same versatility
not only contributes to the advantages of this tool but also introduces a certain degree
of ambiguity to both the language used to describe the involved effects as well as the
actually predominant benefits of its utilization. The latter originates in the complex
ion-solid interactions as well as the manifold interplay of these interactions with the
material system or application specific processes.
In an effort to differentiate energetic ions, they are generally classified in two groups,
being either chemically inert (i.e. noble gasses) or reactive. While both categories of
ions can be incorporated in the resulting films, reactive ions are typically preferred
for the synthesis of high crystalline quality films as they can potentially be chemically
incorporated in the film without introducing unintended defects. Therefore, it is evident
to use e.g. Ga / N ions during the ion assisted synthesis of GaN or Pt ions in case of
Pt films. However, even in these cases the supplied material fluxes are typically not
chosen to be fully ionized since this generally implies limitations with regards to the
achievable deposition rates. Hence, the fraction of the flux that is ionized is one of
the distinguishing properties among the manifold deposition methods [1]. Additionally,
the amount of the ionized flux has implications on the achievable deposition rates due
to space charge limitations and therefore on the relevance of the respective method in
terms of industrial applicability.
When a high crystalline quality is required - as is for example the case in a wide
variety of semiconductor applications - the kinetic energy of the utilized ions is naturally
limited to the kinetic energy range of a few 1 eV to a few 100 eV. This range is referred
to as hyperthermal energies, as it is above thermally attainable energies of a few 0.1 eV
and is only accompanied by limited sputtering and ion implantations in below-surface
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regions [2]. Hence, the ion kinetic energies are in the order of magnitude of typical surface
binding energies and thus enable a meaningful manipulation of the growth kinetics at
the film surface while not damaging the underlying material. Additionally, if a high
crystalline quality is not vital for the application, ion assisted deposition at higher ion
kinetic energies is also commonly used to tailor e.g. the optical properties of coatings by
a kinetically induced engineering of the film morphology and density during growth [3, 4].
In the context of this work however, particular attention is directed to the deposition
of high crystalline quality thin films, as they represent one of the key applications of ion
assisted deposition techniques, especially in cases where high deposition temperatures
are unsuitable. Here, the accompanied adatom mobility deficiency is partially or even
fully compensated for by the supplied ionized flux. Accordingly, due to the required
kinetic energy range and ambivalent demand for high deposition rates, the ionized flux
is typically provided by plasmas to avoid space charge limitations. Nonetheless, since
an ionized material flux is inevitably required in order to precisely control its kinetic
energy beyond thermal energies, it is commonly bound by the ionization and possible
subsequent charge exchange processes to consist of different ion species. As such, e.g.
nitrogen ion beams and plasmas typically feature a blend of predominantly monoatomic
and polyatomic nitrogen ions (N+ and N+2 ). Therefore, the impact of a nitrogen plasma
on thin film growth is generally a superposition of the individual ion species that might
feature distinct ion kinetic energies which in turn cannot be controlled independently.
While the fundamental interactions of both monoatomic and polyatomic ions with sur-
faces have been extensively studied [2], their impact on the growth kinetics of thin films
has not been investigated independently of each other.
For this purpose, GaN on 6H-SiC is chosen as a model system in this work and a
present ion assisted molecular beam epitaxy system is modified using a custom built
quadrupole mass filter system to facilitate an energy and mass selected nitrogen ion
beam at sufficient ion beam current densities to perform fundamental growth studies.
While the impact of the distinct nitrogen ion species has not been determined indepen-
dently during the growth of GaN, significant effort has been made in the correlation
of accessible plasma parameters as well as the flux ratio of the supplied energetic and
thermal fluxes with the resulting thin film properties for a variety of III-nitrides [5–
32]. The general trend being the preferred use of high N+ containing plasmas to achieve
seemingly higher growth rates by avoiding the necessity for the dissociation of molecular
nitrogen. Nevertheless, N+ at high kinetic energies is expected to be the major cause of
deteriorating crystalline qualities due to the expected kinetic energy distribution among
the N+2 forming atoms during said dissociation [10]. Thus, reducing the effective ion
kinetic energy of the flux.
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The thus derived objectives of this work consist of
• the implementation, characterization and optimization of the ion mass and energy
selective ion beam assisted deposition setup (see section 3.1), that enables the
independent selection and adjustment of the desired nitrogen ion species flux.
• the determination of the individual impact of the most prominent nitrogen ion
species (N+ and N+2 ) during the early stages of GaN growth by ion beam assisted
molecular beam epitaxy (IBA-MBE) on 6H-SiC(0001) substrates (see section 3.2
and section 3.3).
Suitably accessible traits of the deposited thin films are the respective growth rate, to-
pography, crystalline quality and phase composition. During their evaluation special
attention is to be given to the decoupling of influences originating in the nitrogen avail-
ability during growth and the kinetic processes determined by the choice of the involved
energetic ion species.
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1.1 Epitaxial Thin Film Growth
In this section the predominant atomic processes involved in the thin film growth by
vapor deposition techniques are introduced. Additionally, they are extended by those
induced by energetic particles that are present during ion assisted deposition. Finally,
the influence of the energetic particle flux and substrate induced epitaxy on the thin
film texture formation are briefly discussed. A schematic illustrating the processes is






















Figure 1.1: Schematic of the predominant processes involved in ion assisted thin film
growth. The orange circles indicate processes that primarily occur for energetic particles.
Upon reaching a surface, a vapor atom or molecule condensates or is reflected. If it
remains on the surface the process is called adsorption. Simultaneously, due to typically
non-zero temperatures during film growth, there is a probability for adatoms to desorb
that is proportional to the temperature and the binding energy of the adatom. Therefore,
film growth is only possible if the adsorption rate is higher than the desorption rate.
Similarly, adatoms can undergo thermally induced diffusion at the surface. Depending
on the temperature, the rates at which diffusion and desorption occur yield a statistical
diffusion length, after which the adatom desorbs. However, desorption is delayed and
ultimately avoided if the adatom aggregates / nucleates or is otherwise incorporated in
the thin film, which implies higher binding energies. Implications of the ratios of ad-
and desorbing fluxes are further elaborated on in section 1.2.2.
When adatoms continue to aggregate, atomically thin layers are formed on the sub-
strate. These layers are exposed to a supply of adatoms either by diffusion on the
substrate or adsorption directly onto the layer. Diffusion on the layer and the substrate
are considered to be identical. However, the step from the substrate onto the layer and
vice versa features a potential barrier, that is typically denoted as Ehrlich-Schwoebel
barrier. As such, adatoms that diffuse on the substrate are stronger bound upon reach-
ing a step. Hence, they need additional energy to diffuse onto the layer. In contrast,
adatoms on the layer experience a potential well they need to surpass in order to diffuse
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down the step. Typically, the energy barrier to move up a step is bigger than to move
down. Therefore, depending on the magnitudes of the potential barriers in both direc-
tions and on the energy of the diffusing adatom, growth is limited to individual layers
at a time. Alternatively, adatoms are trapped on the layer, yielding the formation of
an island, or both cases coexist. Traditionally, the resulting growth modi are classified
based on their geometry and thermodynamical origin:
• Frank-van der Merwe (layer-by-layer, two-dimensional (2D)) growth,
• Stranski-Krastanov (layer-plus-islands, mixed two-/ three-dimensional) growth,
• Volmer-Weber (isolated islands, three-dimensional (3D)) growth.
The influence of the barrier height on the resulting thin film morphology is discussed in
more detail by e.g. Leal et al. [33].
Further, if the kinetic energy of the impinging vapor atom is in the order of the sur-
face binding energy or higher, its collision with an adatom yields so-called ballistically
induced surface diffusion. In the context of this work, these energetic vapor atoms are
represented by ions. Analogous to the reflection of vapor atoms, ions may be back scat-
tered. If the energy transferred by the collision is high enough, desorption of adatoms
or even subsurface atoms is induced. In the context of ion beams this process is com-
monly referred to as sputtering. If the ion kinetic energy is sufficient such that the ion
penetrates the surface and stops in the bulk below, the ion is said to be implanted.
This typically coincides with the generation of subsurface defects. For a more detailed
discussion of the influence of the ion energy on the structure, topography and crystalline
quality of deposited films see section 1.2.1.
The crystalline texture of the deposited films is in this context predominantly de-
termined by the substrate and the energetic irradiation. The influence of the latter
is conveniently determined by the deposition on amorphous substrates, where energetic
irradiation can be utilized to initialize the formation of texture during growth. A promi-
nent example is the formation of biaxially textured MgO thin films during ion-beam
assisted deposition as depicted in fig. 1.2 [34–36]. In these cases, the texture formation
is attributed to anisotropic ion damage of the thin film nuclei and ion channeling effects
as well as crystal direction dependent sputter yields at larger crystallite sizes.
If the substrate is (single) crystalline, epitaxial growth is induced by the interaction be-
tween the nuclei and the substrate surface, that aspires to minimize the interface energy.
If the substrate and the deposited material are identical, the growth is homoepitaxial.
If the materials or the lattice constants of the formed nuclei differ from the substrate,
the process is denoted as heteroepitaxy. In this case, the misfit of the lattice constants
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Figure 1.2: Regions of texture evolution with film thickness during artificial grain
alignment with IBAD and homoepitaxy (top) and RHEED patterns at the indicated
growth stages (a-d) [34].
is an indication of expected stress at the interface, that has to be accommodated for
by e.g. thin film crystal defects near the interface. In case of ion assisted deposition of
GaN on 6H-SiC(0001), it has been shown that the misfit is compensated for by periodic
low energy misfit dislocations in the initial few monolayers [37] (see fig. 1.3) following
the model of van der Merwe et al. [38]. The formation of these dislocations, that yield
reduced stress beyond the interface region, can be further accelerated or even rendered
unnecessary by providing vicinal substrate surfaces, that might also alter the achievable
growth modes by providing distinct nucleation sides [39, 40]. In this context however,
the utilized 6H-SiC(0001) substrates feature production-related miscut angles of up to
1◦ with no additionally induced offset. Therefore the typical step separations are around
200 nm, which is orders of magnitudes too high for step flow growth (see the calculated
diffusion lengths in section 1.2.2).
When combining (single) crystalline substrates and energetic particle irradiation, the
epitaxy and irradiation-induced texture compete with each other [41–43]. This poten-
tially allows for unique modulation of the epitaxial relationship and individually not
achievable control over the thin film properties. As such, the growth mode and epitax-
ial relationship of GaN on 6H-SiC(0001) can be widely varied as exemplarily shown in
fig. 1.4 based on the precise growth conditions.
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Figure 1.3: High-angle annular dark-field (HAADF) image of a w-GaN thin film de-
posited on 6H-SiC (a) and the associated geometrical phase analysis (b). In (c), a
high-resolution HAADF-STEM image of the substrate interface identifies the origin of
stress fields in (b) as misfit dislocations, that allow for the compensation of misfit in-
duced stresses within the first few GaN monolayers as illustrated by the line profiles in
(d). For details refer to Rauschenbach et al. [37].
Figure 1.4: Exemplary RHEED patterns illustrating the formation of different epitaxial
relationships and textures during ion-beam assisted molecular beam epitaxy of GaN on
6H-SiC(0001) depending on the deposition parameters.
1.2 Ion-Beam Assisted Deposition
Although the notion is not exclusively claimed in literature, ion assisted deposition
(IAD) collectively describes physical and chemical vapor deposition (PVD/ CVD) tech-
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niques that utilize, in one way or another, ions to affect the properties of films during
their deposition. As such, ion-beam assisted deposition (IBAD) emphasizes itself by
spatially separating the energetic, ionized particle flux from additional, usually neutral
particle fluxes (see fig. 1.5(a)). Hence, IBAD allows for an independent adjustment of
the flux properties (e.g. divergence or kinetic energy) while mostly avoiding processes
like e.g. charge exchange between the ionized and neutral particle fluxes. The ionized
particle flux is usually supplied in form of a broad ion beam produced by an ion-beam
source. The neutral particle flux is typically provided by thermal or electron-beam
evaporation and features kinetic energies in the thermal regime (<0.4 eV).
(a) (b)
Figure 1.5: (a) General scheme of the ion-beam assisted deposition process: Two
separated material fluxes are directed at a sample, that features a substrate temperature
Tsub. The particle flux A typically features a thermal kinetic energy and is commonly
generated by thermal or electron-beam evaporation. The rate of its arrival is jA. Particle
flux B features higher kinetic energies and an arrival rate of jB. (b) Typically applied
atom/ion sources depending on the required kinetic energy of the flux. In practice,
the deciding factor for the source choice is the desired magnitude of the flux and its
kinetic energy. In combination, limits are introduced by space charge effects that require
compensation by either the neutralization of ion beams or the switch to plasma sources.
At kinetic energies in the thermal regime ionization is typically omitted entirely and gas
or radical sources are utilized.
The material fluxes, i.e. the vapor flux (A) and ion flux (B) are then given in
combination as the ion-to-atom arrival ratio (jB/jA, I/A ratio) and can be accurately
and independently adjusted. In the context of GaN depositions, the ratio is also referred
to as V/III-ratio. Further, both, reactive (e.g. O or N) and inert (e.g. Ar or Xe) ion
species can be used to assist the film growth. Reactive ions naturally have the benefit,
that they directly participate in the film formation.
Due to the use of an ion beam, IBAD explicitly functionalizes the precisely adjustable
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parameters of an ion beam to tailor the characteristics of deposited thin films. However,
this comes with the challenge of having to account for space charge effects, especially
at lower ion kinetic energies. The typically desired ion kinetic energies in IBAD of
high crystalline quality thin films are in the hyperthermal energy range (few 1 eV - few
100 eV). Depending on the choice of kinetic energies, plasma or even gas sources are
applied to avoid space charge induced limitations to deposition rates (see fig. 1.5(b))
[5, 44]. However, the latter comprises rarely of stable ionized particles and their impact
on growth processes is limited. If a plasma source is used to provide the ion assistance the
process is usually distinguished by the prefix plasma-enhanced or plasma-assisted, like
e.g. plasma-assisted molecular beam epitaxy (PA-MBE). Nevertheless, insights gained
from IBAD are generally directly applicable to those processes.
As mentioned above, IAD and in particular IBAD take advantage of the interactions
of the impinging energetic ions with the near surface region of the growing film. Those
relevant in the context of this work are with increasing energy described by ballisti-
cally increased adatom mobility, crystal defect generation, subsurface implantation and
sputtering [45]. A combination of especially the former is casually consolidated to a
densification of the deposited films. See section 1.1 for a more elaborate discussion of
the involved surface processes.
Despite its widespread use, IBAD with conventional broad-beam ion sources (Kaufman-
type, radio frequency excited, electron cyclotron resonance type, etc.) [4, 46–49] is
characterized by several significant limitations originating from the properties of the
respective ion-beam source:
• The ion beams from broad-beam sources for reactive gas species like nitrogen,
typically generated by nitrogen plasma based ion-beam sources, contain a blend
of both atomic (monoatomic) and molecular (polyatomic) nitrogen ions, N+ and
N+2 , respectively (see fig. 1.6(a) for the exemplary composition of an ion beam
emitted from a Kaufman-type ion source) [50–52]. The distinct composition of
the energetic particle flux is primarily based on the excitation mechanism and the
operation parameters used [23, 53–55]. Their ratio can only be adjusted in a nar-
row range without altering other beam parameters (see fig. 1.6(b) for a comparison
of the nitrogen ion species composition depending on the source type). The gener-
ation of an ion beam consisting of either atomic or molecular ions is elaborate and
often not feasible with such typical broad-beam ion sources. Therefore, the result-
ing film properties are extensively studied as a function of the source parameters
instead of the involved ion species and their properties [56, 57]. Naturally, this
limitation is directly applicable to other gasses that are supplied to the source,
like e.g. oxygen.
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• Each of the ion species possesses an independent energy distribution, which cannot
be tuned individually, and varies based on the ion source and its operation param-
eters. During the film formation, all components superimpose, leading to a broad
energy distribution with several maxima [50, 51]. This impedes the precise control
over the film growth processes and can lead to a deterioration of the resulting film
properties, for instance due to ion-irradiation induced defect formation.
• Another issue is obtaining ions with low kinetic energy at sufficiently high ion
currents, particularly in the case of hyperthermal ion energies [2, 58–61]. This
leads to insurmountable difficulties in assessing the dissemination of the ion energy
to the growing film surface in a well-defined, precise and reproducible way. This
applies especially to the case of ion-beam assisted molecular beam epitaxy (IBA-
MBE), where the use of hyperthermal ions with energies of only a few 10 eV is
required [62, 63].
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Figure 1.6: (a) Exemplary composition of an ion beam generated by a Kaufman-type
ion source [64]. (b) Typical ratios of atomic and molecular nitrogen ions for different
ion sources. Modified after Guo et al. [65].
In the case of the low-energy ion-beam assisted epitaxial GaN thin film synthesis, it
has been demonstrated that the ratio of the arriving material fluxes (I/A ratio) and the
kinetic energy of impinging particles have a significant influence on the growth mode,
crystalline quality and phase purity of deposited thin films [37, 66–68]. The phase
purity between meta-stable zinc blende GaN (z-GaN) and the thermodynamically stable
wurtzite GaN (w-GaN) proved to be especially challenging [69]. In the past, the presence
of an optimal growth window with respect to the ion kinetic energy during IBA-MBE
without mass separation was demonstrated to be in the order of a few 10 eV [63, 70].
However, it is expected that especially atomic nitrogen at higher kinetic energies is
responsible for deteriorating film crystalline quality [10].
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Owing to their special prominence, in the following sections the influence of the in-
volved energetic particles and of the I/A ratio on the growth are further delved into.
For further details on IBAD refer to the reviews in references [4, 45–48].
1.2.1 Influence of Energetic Particles
Energetic, usually ionized, particles are an essential characteristic of thin film depo-
sition techniques, that crucially influence the properties of deposited films. In recent
years, various techniques increasingly have been deliberately employing energetic parti-
cles to precisely engineer the properties of crystalline thin films and augment the extent
of possible applications of the respective deposition process itself [71–73]. In general,
the kinetic energies of the involved particle flux is an essential distinction between the
manifold vapor deposition techniques and determines their applicability based on the
desired material properties [74]. As such, depending on the amount and localization of
the energy introduced via collisions with atoms of the film e.g. epitaxial growth can be
promoted or prevented.
Historically, after correlation of the homologous temperature TH , that is the depo-
sition temperature normalized by the melting temperature of the material, with the
resulting microstructure of evaporated films with the introduction of a structure-zone
model by Movchan and Demchishin [75], Thornton [76] included the inert gas pressure
in an extended version of this model during the advent of magnetron sputtering to pre-
dict the microstructure of deposited films of various materials. This can be regarded as
the initial inclusion of the kinetic energy of the deposited flux, as an increased pressure
yields - generally speaking - a loss in kinetic energy due to scattering of the energetic
particles at gas molecules. However, the scattering is accompanied by a series of side
effects, that are not independently distinguishable in this model, namely e.g. a change
in the absolute amount of the flux reaching the growing film and a change in the di-
vergence of the impinging particle flux. After the adoption of RF sputter deposition,
Messier et al. [77] revised the structure zone model by replacing the pressure with an
applied sample bias potential, seemingly representing the kinetic energy in a direct ap-
proach. Around this time a series of experimental investigations were performed, that
probed the influence of the particle flux kinetic energy (in form of the applied substrate
bias) on the film structure and densification for a variety of material systems [78, 79].
Similarly and among others, Müller provided comparable insights by molecular dynamic
simulations and especially highlighted the introduction of film stress depending on the
kinetic energy [80–82].
In the context of this work, the deposition of GaN is carried out at Th = 0.35. An
exemplary structure zone diagram, that also includes the effects of reduced deposition
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Figure 1.7: Structure zone diagram combining the effects of thermally and ballistically
induced mobility on the morphology of thin films [83].
rates due to sputter and densification processes, is depicted in fig. 1.7. The T ∗-axis
represents the generalized temperature, which is the homologous temperature adjusted
by a shift of the potential energy of the incoming particles. Here, this potential energy
would be defined by the charge state of the ions, i.e. the sum of the binding energies of
all electrons removed from the atom. Similarly, the generalized energy E∗ is the kinetic
energy of impinging ions normalized by a characteristic energy of the material system
that is of the order of the cohesive energy. Finally, the normalized energy is multiplied by
the mass ratio of the ions and adatoms. Therefore, at the chosen substrate temperatures
and ion kinetic energies, the in this work presented thin films are deposited in the region
of possible low-temperature low-energy ion-assisted epitaxial growth (see fig. 1.7).
While the structure zone diagrams are illustrative in nature, they qualitatively cap-
ture the interplay of manifold morphology as well as topography defining influences
reasonably well. Adequate models of the nucleation and following film growth are pri-
marily developed and applied for the deposition of metals, like e.g. Pt or Cu, based on
atomistic nucleation theory that is typically carried out using rate equations. For an
extensive discussion of the approaches and derivations see e.g. Michely and Krug [84]
or Politi et al. [85]. Nevertheless, general conclusions are expected to be also valid for
the ion assisted deposition in the context of this work. Hence, it is reasonable to expect
that the nucleation density N depends on the properties of the arriving material flux,
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with χ depending on the dimensionality of the growth and the critical cluster size above
which formed clusters are immobile. Typical values of the scaling factor are χ = 1/3











since the island size near coalescence is comparable to the distance between islands.
Therefore, the island spacing is increasing with D and decreasing with the incoming flux
F , which is naively in agreement with the grain sizes of the structure zone diagrams.
However, the shape of the top of individual domains is not captured. Including the
above mentioned concept of the Ehrlich-Schwoebel barrier at atomic steps, the Ehrlich-
Schwoebel length lES can be introduced. That is a measure of the asymmetry in the





which is a measure of the surface binding energies and the step barrier height. It was
observed, that the ratio lD/lES can be generally utilized to predict the shape of individual
islands surfaces as illustrated in fig. 1.8 [86].
Figure 1.8: Typical topographies using a one-dimensional growth model with
lD/lES =(a) 10, (b) 1, (c) 0.01 and (d) 0. In (a) the vertical scale is multiplied by
a factor of 5. Modified after Politi [86] and Michely and Krug [84].
For metal organic vapor phase epitaxy, metal-rich PA-MBE and ammonia MBE of
GaN, the impact of the growth rate, deposition temperature and varying predefined
substrate steps have been evaluated and indeed yielded surface morphologies consistent
with the predicted ones [87]. Kaufmann et al. [87] highlighted that during PA-MBE at
comparable low deposition temperatures, the formation of a Ga-bilayer, during metal-
rich conditions, creates an alternative diffusion channel, such that smooth surfaces can
be achieved despite the comparably low deposition temperatures during PA-MBE. It
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is expected that the kinetic energy of the incoming flux creates an additional channel
based on the ballistically induced diffusion. However, the latter has not been explicitly
explored to the authors knowledge.
Considerations Regarding Polyatomic Species
Up to this point, most of the IAD growth studies neglected more sophisticated ion beam
or plasma parameters due to the complexity involved in investigating them separately.
In 1990, Lifshitz et al. [59] prominently provided a rigorous discussion and model for
the film growth using hyperthermal ion species, emphasizing the individual influences
of parameters, like e.g. the charge or mass (for polyatomic species) of the impinging
particles, on the hybridization of deposited C films.
While a naive approach would predict that ion assistance with molecular projectiles
consisting of two atoms would yield similar results after doubling the kinetic energy,
this behavior did not hold true for the discussed densification of diamond-like carbon
films produced by either C− or C−2 . Based on the discussed example, maximum densities
were achieved for C− and C−2 at 100-200 eV and ≤100 eV, respectively. Lifshitz et al. [59]
argued that this is due to the concurrency of the impact of both carbon atoms that form
the molecule. Hence, yielding effectively reduced displacement and binding energies for
the irradiation with molecular carbon. However, this approach neglects the dissociation
process that - depending on the material system - requires in the context of hyperthermal
energies a non-negligible amount of energy. In case of N2 the dissociation energy is
commonly referred to as 9.756 eV [88, 89]. However, this value does not accurately
describe the energy needed for the dissociation of N+2 . Neither it is conclusively known,
if a complete dissociation needs to take place in the first place or how the surface
chemistry might influence this process.
Ryang et al. [90] theoretically investigated the adsorption and dissociation of the
nitrogen molecule on Fe(111) surfaces in dependence of the orientation of the nitrogen
molecule. It was observed, that the vertically oriented molecule needs to rotate to
acquire a parallel position with respect to the surface before it can be adsorbed or
dissociated on the surface. Therefore, the parallel orientation was found to be favorable
in the molecular dissociation of nitrogen on the surface. However, these are naturally
the extreme cases for the orientation of the molecule.
In the case of silicon oxide thin film formation by mass filtered oxygen ion irradiation,
Tzvetkov et al. [91] investigated the incorporation of O+ and O+2 as a function of the
ion kinetic energy of atomic or molecular oxygen. Despite having a bond dissociation
energy of only 5.15 eV, the incorporation cross section for molecular oxygen continuously
increased with the ion kinetic energy and found its maximum at 40 eV. For lower ion
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energies the incorporation probability is significantly smaller than the one for atomic
oxygen. For higher ion energies the incorporation cross sections are nearly identical.
Derivation of an Optimal Energy Window for Ion Assisted Epitaxial Growth
In the case of atomic nitrogen impinging on a GaN surface, Brice et al. [62] developed a
model to partition the atomic displacements induced to the surface and bulk of a solid
under low energy ion irradiation. The idea being, that displacements induced to surface
atoms are especially beneficial during epitaxial growth of thin films since they improve
the migration and ordering of surface atoms [62, 92]. On the contrary, displacements of
atoms in the bulk lead to lasting defects and deterioration of the grown material. In the
following, the derivations of Ma et al. [93] are adopted and discussed. These noticeably
include a simplified form of Kalbitzer’s reduced nuclear stopping power for the energy
loss calculations [93, 94].
The maximum transferable energy based on the ideal elastic collision between two





with mion, mt and Eion being the mass of the incident ion, the mass of the interacting
target atom and the kinetic energy of the incident ion, respectively [95]. The fraction




Eion = γEion. (1.5)
Therefore, based on the interacting surface atom - in this context either Ga or N - the
resulting energy transfer factors are γGa ∼= 0.557 and γN = 1.
Following the ansatz that the total energy loss of the incident ion is equivalent to
the total energy deposited, the energy loss - also referred to as stopping power - can be







where Ed is (traditionally the minimum) atomic displacement energy in either the surface
or bulk, E(x) is the residual energy at a distance x from the surface, Se is the electronic
energy loss (inelastic) and Sn is the nuclear energy loss (elastic).
In this context, it is assumed that the displacement energy at the surface, E
(s)
d , is
half the displacement energy of the bulk, E
(b)
d , which is a common approximation [93].
16 1 Introduction
However, it should be noted that there has been recent progress by e.g. Eckstein and
Preuss [96] to substitute the surface displacement energy with the heat of sublimation
and empirically add further corrections based on the mass ratio, mt/mion. Here, the
minimum displacement energies are inherited from Nord et al. [97] to be 22 eV for Ga
and 25 eV for N. Note, that these values are strongly dependent on the crystal orientation
and hence are assumed to be a comparable low estimate [97, 98].
Assuming a surface layer thickness xs of one monolayer of GaN, commonly defined
half the lattice constant, xs = c/2 = 2.5625 Å, the energy loss in the surface and bulk


























In accordance with the universal potential [99] and in order to quantify the energy losses
in a simpler notation, the reduced energy ε is introduced as the ion kinetic energy Eion










with Zion and Zt being the charge of the incident ion and interacting target atom,
respectively.
In order to quantify the surface and bulk displacements from respective energy loss,
the number of interactions has to be characterized, that is by the number of possible
interaction partners in the film - the atomic density N - and a differential scattering
cross section dσ/dE. Additionally, displacements only occur if the available energy














when m = 1/4. If the proportional coefficient C is chosen as C = 1.275πa2γ1/4E
1/2
c ,
the latter approximation is identical to the Coulomb potential of Lindhard et al. [100].




t ) is the shielding length, with a0 being the Bohr
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where Rc = 1/(Nγπa
2) is the characteristic length and sn(ε) is the reduced nuclear
energy loss, that can be obtained from Kalbitzer et al. [101]:
sKaln =
1.7ε1/2ln(ε+ 2.718)
1 + 6.8ε+ 3.4ε3/2
∼= 1.7ε1/2. (1.13)
This approximation is reasonable as the reduced energy is in the order of 10−3 for the






According to the LSS (Lindhard, Scharff and Schiott) theory, the electronic energy
loss can be denoted as [102]























Using the expression for the ion energy at the transition from surface to bulk:
E(xs) = Exs =
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In this context, the individual contributions of the nuclear and electronic energy loss
are additionally estimated for the hyperthermal energy range using the software tool
SRIM [103] (see fig. 1.9(a)). It can be deducted that primarily nuclear energy loss is
the source of the deposited energy. Therefore, atomic displacements are expected to be
the dominant effect of the ion irradiation.
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Figure 1.9: (a) Relation between the magnitudes of the nuclear and electronic stop-
ping power in the case of hyperthermal GaN irradiation with atomic nitrogen ions as
approximated using SRIM [103]. (b) Deposited energy into the surface and bulk of GaN
as derived in the text for N+ interacting with Ga.
From the solved integrals, a threshold incident ion kinetic energies can be determined,
below which no energy is deposited in form of displacements within the surface layer and
the bulk, respectively. For non-zero surface layer thicknesses these values differ from the
ratios of the respective displacement energy and the energy transfer factor. In fig. 1.9(b),
the deposited energy in displacements is plotted for increasing incident energies. Based
on the aforementioned threshold energies, three regimes are formed (denoted as (1-3)):
(1) For incident ion energies below ∼ 22 eV, no displacements in the surface layer are
induced. Hence, it is expected that the impinging ions do not significantly alter
the film growth.
(2) In this ion kinetic energy window (22 eV - 45 eV) the deposited energy is sufficient
to cause displacements in the surface layer while not damaging the underlying bulk.
Consequently, surface diffusion is promoted without deteriorating the crystalline
quality of the underlying film.
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(3) Above ion energies of ∼ 45 eV impinging ions penetrate the surface layer and still
possess ample energy to introduce displacements in the bulk.
However, following the derivation carefully, the most crucial assumptions and approx-
imations can be compiled: (i) neglect of recoil energy transport, (ii) only linear trajec-
tories / neglect of straggling, (iii) fixed delta distributions for the displacement energies





(iv) scattering cross section derived of the assumption of amorphous material, (v) no
account for the surface layer compositions and depths that might differ from the bulk
and between locations, respectively.
The first two assumptions are expected to overestimate the displacement generation,
effectively shifting the boundaries of the optimal energy window to lower values. The
third one yields abrupt boundaries of the energy window but enables a reasonable com-
plexity of their description. In practice, the displacement energies, especially at the
surface are not well defined and also temperature dependent [104]. Since the bulk val-
ues are extensively investigated, this is expected to mostly impact the lower boundary
of the energy window. Assumption (iv) tends to shift the energy window to lower values
since binding energies generally are smaller for amorphous materials. However, in the
calculations above, displacement energies are chosen to be the minimum values with
respect to all crystal directions, which might compensate the underestimation of the
scattering cross sections. Lastly, assumption (v) is expected to yield narrower bound-
aries than presumably observed in experiments.
Concluding, an optimal energy window can be conveniently - albeit under assump-
tions - determined in which ion assistance induces surface diffusion without commonly
associated crystal defects. Therefore, in combination with relatively low substrate tem-
peratures and hence limited thermally induced diffusion, ion assisted deposition conse-
quently promises the unique capability to deposit especially ultra-thin films with high
crystalline quality and tailored thin film morphologies that are otherwise difficult to
achieve without extensive effort [37, 70, 105–107].
1.2.2 Ion-atom Arrival Ratio
As briefly addressed in section 1.1, the ad- and desorption rates of adatoms are a cru-
cial factor towards their ability to participate in the film formation. However, during
deposition, typically only the arriving flux can be monitored or calibrated. Therefore,
the denoted ion-atom arrival ratios (short: I/A-ratios) are not directly representing the
fluxes available during the film formation. Nevertheless, the incorporated fluxes can
be deducted from the experimentally observable ones with knowledge of the altering
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Figure 1.10: (a) Desorption flux (left) and resulting residence times (right) for Ga
and N as function of the temperature. The equivalent desorption flux for 1 ML/s
and a typical arriving flux associated with the present ion currents are indicated for
comparison. (b) Ga diffusion length limits induced by the desorption and growth rate
for varying temperatures. The annotated growth rates are in nm/s. The orange dashed
lines represent the relevant orders of magnitude for the thin films deposited in the
context of this work, where depositions were carried out at temperatures of 700◦C.
Modified after Koleske et al. [108].
processes (e.g. desorption, sputtering or scattering). In fig. 1.10 the adatom ad- and
desorption as well as the resulting surface mobility are compared for GaN at varying
temperatures following the empirical ansatz and assumptions made by Koleske et al.
[108]. The Arrhenius parameters for the desorption and diffusion rates are taken from
Brandt et al. [109]. Since the desorption ratio of N and Ga is significantly different de-
pending on the temperature, their availability during the film formation differs greatly in
case of equal supply for different temperatures. In case of GaN it has been demonstrated
independently of the deposition technique and temperature that growth in metal-lean or
-rich conditions yield - among others - fundamentally different topographies, crystalline
qualities and luminescence properties [108, 110–117]. Comparable behavior holds also
true for e.g. AlN [118, 119]. Albeit the mechanisms yielding these prominent changes
are not fully explored, it becomes apparent, that the supply of Ga and N is of great
importance during growth studies of GaN. Inherently, it has been observed that Ga-rich
conditions yield the formation of diffusion enhancing Ga-adatom layers and the exact
ratio in combination with the substrate temperature can yield a variety of surface recon-
structions [120–126]. From the desorption rates of both elements the respective surface
residence time can be calculated (see fig. 1.10(a)). These represent the statistical time
an adatom is available to be incorporated into the film, before it desorbs. Additionally,
based on the flux available, a maximum feasible temperature can be determined, above
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which the material gain is negative due to desorption.
Due to the desorption limited residence time a limit to the diffusion length is intro-
duced. Similarly, based on the deposition rate, another statistical diffusion length limit
can be determined, that is originated in the time needed to deposit another monolayer
of material atop the diffusing adatoms. In fig. 1.10(b) both limits are depicted for Ga.
Therefore, at the achievable growth rates in the context of this work (in orange), the
diffusion length of Ga is limited by the desorption in the order of 1 nm and no significant
change to the diffusion behavior is expected from changes of the deposition rate in the
available range.
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Figure 1.11: Predicted optimal N/Ga-ratios based on the desorption rate ratios for
both elements. Modified after Koleske et al. [108].
Koleske et al. [108] further correlated that GaN thin films of the generally highest
quality were achieved for N/Ga-ratios slightly above the the desorption rate ratio of N
and Ga. This ratio is illustrated for varying temperatures in fig. 1.11. Since this empir-
ical correlation is mostly based on deposition techniques that do not involve energetic
particles like the ions utilized during ion assisted deposition, it is expected that the op-
timal values are not directly transferable but represent an adequate pointer. However,
efforts has been made by e.g. Petrov et al. [127] to quantify the influence of the energy
deposited per atom of the total incoming flux, namely in this context the hyperthermal
N ions and the thermal Ga atoms.
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1.3 Gallium Nitride
In this section the properties and peculiarities of gallium nitride are elaborated, espe-
cially in the context of epitaxial growth on 6H-SiC(0001).
GaN is a binary group III-V semiconductor that is commonly formed in a hexago-
nal or cubic crystal structure, namely the wurtzite- and zinc blende GaN phases (short:
w-GaN and z-GaN). Both polytypes are mostly differentiated by their stacking sequence
of the w-GaN(0001) and z-GaN(111) planes. Further, there exists a second cubic crystal
structure of GaN that is rock-salt in nature. However, this forms typically only at exces-
sively high pressures and is not further discussed in this context. For depictions of the
crystal structures and stacking sequences refer to fig. 1.12(a). Due to their structural
similarity and only small differences in the formation energy of both phases, polytypism
is commonly observed [128, 129]. That is the inclusions of the respective alternative
phase, especially induced by stress or crystal defects, that are commonly present dur-
ing thin film growth [130]. This phenomenon is not limited to GaN, but nevertheless
represents a challenge for its high crystalline quality thin film growth heteroepitaxy,
that is inherently exposed to stresses originating from lattice mismatch between GaN
and the substrate. Here, GaN is deposited on 6H-SiC(0001), which is naively expected
to yield the growth of w-GaN due to the hexagonal crystal structure (see fig. 1.12(b)).
At deposition temperatures of 700◦C, the in-plane lattice mismatch is 3.5-3.6% for the
following epitaxial relationships as also depicted in fig. 1.12(b):
w-GaN[0001] || z-GaN[111] || 6H-SiC[0006], (1.21)
w-GaN[1010] || z-GaN[112] || 6H-SiC[1010]. (1.22)
Note, that the lattice misfit and in-plane lattice constant are slightly in favor of
the formation of z-GaN(111) on 6H-SiC(0001) [132]. Powell et al. [66] concluded from
growth studies on a variety of substrates that the primary barrier to the formation of
z-GaN appears to be the nucleation and that its growth can afterwards be stabilized up
to film thicknesses of at least a few µm. However, during ion assisted GaN deposition,
phase purity of particularly z-GaN was difficult to achieve in the order of a few 10 nm
film thicknesses on 6H-SiC(0001) [69].
From an application perspective, zinc blende III-nitrides are presumed to be a promis-
ing approach to improve the efficiencies of green-wavelength LEDs [133] and optoelec-
tronic devices containing quantum well or quantum dot active regions by eliminating
polarization effects [134, 135]. Additionally, GaN-based power electronics in general
increasingly find their utilization in consumer electronics as a more efficient alternative
to Si-based components [136].










Figure 1.12: (a) Crystal structures (top) and stacking sequences (bottom) of the meta-
stable zinc blende (left) and thermodynamically-stable wurtzite GaN phase (right) [131].
Ga and N atoms are colored in red and white, respectively. (b) Orientations of wurtzite
and zinc blende GaN on 6H-SiC under consideration of the epitaxial relationship. The
twin of the zinc blende is rotated around [111] by 180◦.
Besides the interest in its crystal phase purity and possible applications, GaN is
remarkably suited as a model system to investigate the influence of different ion species
during ion assisted film growth since GaN and similar materials like AlN exclusively form
in the presence of atomic nitrogen [9, 119, 137]. Therefore, provided molecular nitrogen
ions need to undergo dissociation in order to form GaN. This process as well as its
impact on the thin film properties is not well understood and has not been investigated
independently of the influence of other present ion species.

2 Methods
After discussing the processes involved in particularly ion assisted thin film growth, this
chapter introduces the ion assisted MBE setup, that is altered with the addition of a
custom-developed quadrupole mass filter system in the span of this work. The incor-
poration of a mass filter system is chosen to overcome the earlier mentioned limitations
to the ion beam assisted deposition process, such that fundamental aspects of the ion-
solid interactions and their influence on the properties of resulting thin films can be
investigated during IBA-MBE. A detailed characterization of the modified setup and
the emitted ion beam are presented in section 3.1.
In addition, noteworthy components of the system, their working principles and the
utilized thin film characterization techniques are elaborated upon.
2.1 Setup of the Deposition System
The realized IBA-MBE system consists of three separable chambers as depicted in
fig. 2.1: (i) the load lock, (ii) the analysis chamber containing an electron source and
detection system to conduct Auger electron spectroscopy (AES) measurements and (iii)
the deposition chamber. The latter is equipped with a reflection high-energy electron
diffraction (RHEED) system consisting of an electron source, with acceleration and de-
flection optics as well as a fluorescence screen of which the diffracted/reflected electron
patterns are recorded by a CCD camera. See section 2.1.3 and section 2.1.2 for de-
tails on the analysis methods. The electron source is pumped using a turbo molecular
pump (TMP) that is connected to a separate fore-vacuum system. RHEED patterns
are typically recorded using electrons with kinetic energies of 30 keV. The chambers
themselves share a fore-vacuum system but can be intermittently isolated using fore-
vacuum valves. The deposition chamber is pumped using a cryogenic pump, enabling
base pressures of < 1 × 10−7 Pa. To further ensure comparable conditions between de-
positions, a residual gas analyzer is used to monitor the partial pressures of especially
H2 and H2O. The pressure in the analysis chamber typically is at 1 × 10−7 Pa. In the
center of the deposition chamber resides a rotatable and grounded sample manipulator,




























Figure 2.1: Schematic of the IBA-MBE system after the addition of the quadrupole
mass filter system, enabling thin film synthesis using an ion-mass- and ion-kinetic-
energy-selective ion beam.
aperture opening diameter of 5 mm, an one-dimensional Faraday-cup array - each hav-
ing an opening of 1 mm - and a conducting disc, that is 5 cm in diameter and allows for
ion current measurements. Due to the construction of the sample manipulator, each of
the sides can be positioned at the identical position above the shutter. This way the
relevant ion beam characterization and ion current measurements are carried out at the
sample position during depositions. Said ion beam is generated by either a constricted
glow-discharge plasma source or a Kaufman-type ion source and mass filtered using a
quadrupole mass filter system. Refer to section 2.2 for an elaborate discussion of its
components and working principle. Further, in section 2.1.4 the paired ion sources are
introduced. This mass filter region is pumped using two TMPs. One being in the area
between the quadrupole mass filter system entry optics and the respective ion source.
The other is positioned near the main segment of the quadrupole, where additionally the
pressure is monitored. The base pressure in this region is ≤ 1× 10−5 Pa. Furthermore,
a Ga Knudsen effusion cell is attached (see section 2.1.1 for details). Both, the effusion
cell and the quadrupole mass filter system are directed towards the sample position at
an angle of 16◦. The total distance between the ion sources and the sample position
is about 63 cm. Under assumption of a point-like origin of the ions, the solid angle
spanned by the sample size (1 cm2) is in the order of 10−4 sr. Considering the natural
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divergence of possible neutral nitrogen species it is expected that their contribution to
the film growth is negligible, especially since only atomic nitrogen would contribute to
the film growth without being ionized.
2.1.1 Knudsen Effusion Cell
A Knudsen effusion cell is a low pressure elementary particle source, that evaporates
predominantly metals by heating them until vapor is emitted with velocities according
to the Maxwell-Boltzmann distribution. It consists typically of a crucible (here, BN), Ta
heating filament, thermocouple, water cooling system, heat shields, orifice shutter and a
characteristic source aperture. The latter is the unique feature of Knudsen effusion cells,
since the probability that a molecule emerges the vapor volume is proportional to its
velocity. Using a PID-controller the set temperature is precisely adjusted and retained,
such that the emitted neutral material flux is well defined. Typical temperatures for the
emission of Ga are between 850◦C and 1050◦C. The mean kinetic energies of molecules





with kB being the Boltzmann constant. Consequently, the Ga mean kinetic energies
range between 0.17 eV and 0.2 eV in this context.
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Figure 2.2: Exemplary calibration curve of the Ga arrival rate at the sample position for
varying Knudsen cell temperatures and resulting mean kinetic energies of the emergent
flux. Additionally to the fit function, equivalent ion current densities are annotated to
compare the achievable nitrogen ion current densities with the neutral Ga arrival rates.
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In order to make accurate statements about the ion-atom arrival ratio, the Ga flux
of the Knudsen effusion cell was determined multiple times across the span of this
work. This was accomplished by depositing a Ni thin film (20 nm) onto Al2O3 and
subsequent exposure to the Ga flux at different effusion cell temperatures. The Ga
content in the Ni films is then determined by Rutherford backscattering spectrometry
(RBS). The resulting Ga arrival rates for the temperature range of interest are plotted
in fig. 2.2. Ni is chosen since it alloys particularly well with Ga and thus the arrival rate
can be determined without uncertainties from e.g. droplet or etch-hole formation [139,
140]. The above depositions were carried out for different Al2O3 substrate temperatures
between 600◦C and 700◦C. However, no significant differences in the Ga content could
be observed yielding the conclusion that the Ga incorporation in the resulting alloy is
not saturated and hence the Ga desorption is negligible.
2.1.2 Reflection High-Energy Electron Diffraction
Similar to the ex situ applied x-ray based methods but in situ, reflection high-energy
electron diffraction (RHEED) is used to probe the growing thin film with respect to its
in-plane texture, crystalline quality and surface morphology. From the latter conclusions
regarding the growth mode can be deducted. This is done by irradiating the film surface
with high energy electrons (typically 30 keV) at grazing incidence (∼ 2◦). Due to the low
angle of incidence, the interaction depth is significantly reduced such that the reflected
and diffracted electrons only interacted with a few monolayers of the film surface. Hence,
RHEED is regarded as highly surface sensitive and allows for the monitoring of possible
changes in the growth front during film growth. After interacting with the film, the
electrons hit a fluorescence screen and the resulting pattern is recorded using a CCD
camera. Refer to fig. 2.1 and fig. 2.3 for a schematic of the RHEED geometry and
exemplary surface morphologies with their reciprocal space representations and resulting
RHEED pattern, respectively. The diffraction condition of the electrons are analogous









with m0 and v being the rest mass and velocity of the electron, respectively. c is the
speed of light in vacuum and h is the Planck constant. At a kinetic energy of 30 keV,
the resulting de Broglie wavelength is ≈ 7 pm. For an extensive review of RHEED see
e.g. Hasegawa [141].
The RHEED patterns of GaN thin films as expected in the context of this work are
schematically depicted in fig. 2.4. In the presence of spot-like patterns, the GaN phases











Figure 2.3: Exemplary surface morphologies with their reciprocal space representations
and resulting RHEED patterns. Modified after Hasegawa [141].
can be qualitatively distinguished. Note, that the zinc blende phase consists of the
superposition of the annotated twin orientations.
Figure 2.4: Schematic of the expected RHEED patterns for wurtzite and zinc blende
GaN as well as the their combination in the presence of 2D and 3D growth compo-
nents. The orange circles and red crosses mark overlapping and forbidden reflections,
respectively.
2.1.3 Auger Electron Spectroscopy
In the context of this work, Auger electron spectroscopy (AES) is used to qualitatively
determine the chemical composition and coverage of the deposited thin films in vacuo.
This is accomplished by irradiating the thin film using electrons with a kinetic energy
of 2.5 keV and subsequent analysis of the emitted Auger electrons with regards to their
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kinetic energy and intensity. The energy of the Auger electron is characteristic for each
element.
Auger electrons are generated in the following processes: A core state electron is
removed by collision with an incident electron, leaving behind a hole. As this leaves the
atom in an unstable state, an outer shell electron fills the core state and looses energy
equal the difference in orbital energy in the process. This energy is transferred to a
second outer shell electron. If its amount is greater than its orbital binding energy, the
outer electron is emitted at a kinetic energy characteristic to the orbital energies of the
atoms, that is
Ekin = Ecore − Eshell,1 − Eshell,2, (2.3)
with Ecore, Eshell,1 and Eshell,2 being the binding energy of the core electron, first outer
shell and second outer shell electron with respect to the vacuum level, respectively. The
kinetic energy of the Auger electrons limits the sensing depth of AES to only a few 1 nm,
as electrons generated deeper do not have sufficient energy to escape the sample.
An Auger-electron-spectrum is typically plotted in its first derivative due to the pres-
ence of a broad secondary electron background.
2.1.4 Ion Sources
In the context of this work, ion sources of two types are incorporated: a constricted glow-
discharge plasma source and a Kaufman-type ion source. Their schematics are illustrated
in fig. 2.5. The Kaufman-type ion sources are referred to as Kaufman ion source in the
following. Both sources were operated with the identical nitrogen gas supply. The former
was extensively used during the initial characterization and performance evaluation of
the quadrupole mass filter system as well as initial growth studies. The Kaufman ion
source was utilized to deposit the thin films discussed in chapter 3.
In case of the constricted glow-discharge plasma source nitrogen ions are generated
by feeding nitrogen gas at typically 2.5 sccm in a hollow cylinder. A DC potential
of ∼700 V is then applied to the cathode and creates a nitrogen gas discharge with
currents of about 50 mA. The anode area is reduced by an insulating ceramic such that
the current density at the available area is unusually high. This yields to the formation
of a virtual anode, as electron densities are too high to be carried by the plasma [142].
The voltage drop in this area is commonly of the order of 30 V such that accelerated
electrons have sufficient kinetic energies to ionize nitrogen. See fig. 3.3(b) for the energy
dependent ionization cross sections of the most prominent nitrogen ion species. Upon
passing the constricting anode nozzle, the plasma is gasdynamically accelerated due to
the pressure gradient. According to Anders and Kühn [50] only ions formed beyond the
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Figure 2.5: Schematic of the utilized constricted glow-discharge plasma source (a) [50]
and the Kaufman ion source (b). The numbered modules in (b) represent power supplies
for the cathode (1), discharge (2), beam (3) and accelerator (4).
virtual anode may exit the source, such that the ion species composition and their ion
kinetic energy distributions are mainly determined by the voltage drop, which in turn is
proportional to the effective anode area and the adjusted discharge current. The energy
distributions and currents for atomic and molecular nitrogen ions were determined by
Anders and Kühn [50] in dependence of the discharge current (see fig. 2.6) yielding a
surplus of molecular nitrogen in the emitted flux. Further, in agreement with fig. 3.3(b)
the amount of atomic nitrogen increases with higher discharge currents and hence higher
expected electron kinetic energies. However, the ion kinetic energies generally do not
surpass 25 eV. Therefore, the minimum achievable ion energies after the ion extraction
are determined by depicted ion energy distributions and induced shifts during the ion
beam extraction.
The adopted Kaufman ion source (of type ’KDC 10’, commercially distributed by
Kaufman & Robinson Inc.) was chosen primarily for its compact size, that meets
construction-related constraints and matches the dimensions of the opening between
the quadrupole rods as well as the encompassing entry and exit electrodes. Similar to
the previous source, nitrogen gas is streamed in a hollow cylinder that represents the
anode. In the context of this application, a gas flow of 1.5 sccm was found to be suitable.
The cathode is a tungsten wire of 0.25 mm thickness, that is electrically heated to the
point of thermionic electron emission. The kinetic energy of the emitted electrons is
adjusted by the discharge voltage applied between anode and cathode. Here, the dis-
charge voltage was set to 50 V. The electron impact induced ionization effectiveness is
further increased by a permanent magnet that infers with the electron trajectories in
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Figure 2.6: Measured energy distributions depending on the operation parameters for
atomic (a) and molecular (b) nitrogen ions generated by the constricted glow-discharge
plasma source [50].
the discharge chamber, that in turn is held at a positive, the ion kinetic energy defining
beam potential. The ion beam current is determined by the current flowing back from
ground to the discharge chamber. It is set and held constant by a feedback loop that
adjusts the cathode current and voltage to increase of decrease the electron emission
and thereby ionization of the nitrogen gas. Upon reaching the first (screen) of two grids
of the collimating extraction optics, the plasma forms menisci at the individual grid
holes. The ions are now accelerated between the discharge chamber, that is at beam
potential, and the grounded entry grid of the quadrupole mass filter system. The second
grid of the extraction optics is the accelerator grid. It is set to a negative potential that
additionally accelerates ions out of the plasma while repelling ion beam neutralizing
electrons and preventing electron backstreaming.
Traditionally, the accelerator grid potential is kept at about 15% of the beam po-
tential. However, it is observed that for the low ion kinetic energies demanded in the
context of this work, this ion source type is prone to the ignition of a plasma between
the extraction grids. This manifests itself by spontaneously increased currents being
measured at the accelerator grid and a drop of the measured ion current at the entry
grid of the quadrupole mass filter system, while the beam current of the ion source
remains constant. However, by significantly increasing the accelerator grid voltage, this
behavior can be reasonably suppressed and comparably high ion currents can be ex-
tracted even at ion kinetic energies of ∼ 20 − 30 eV. In fig. 2.7 exemplary ion current
measurements at the entry grid of the quadrupole mass filter system are illustrated for
increasing and afterwards decreasing ion beam currents. Upon the collapse of the ion
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Figure 2.7: Kaufman ion source extraction behavior in dependence of the ion kinetic
energy and the applied accelerator grid voltage. Upon increasing (forward direction) the
beam current and thus the cathode emission and ionized flux entering the extraction
optics, the extraction collapses as a plasma forms between the screen and acceleration
grid. To achieve successful and ample ion current extraction at kinetic energies in
the order of the electron kinetic energy, the accelerator grid voltage can be carefully
increased.
currents measured in front of the source, the beam current and thus cathode emission
has to be reduced to the point of an almost entirely collapsed discharge. Afterwards the
current can be increased again.
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2.2 Quadrupole Mass Filter System
In this section, the quadrupole mass filter system is introduced. It enables the creation of
a nitrogen ion beam at variable hyperthermal ion energies, with independently selectable
ion mass, at ion beam currents which are sufficiently high for the purpose of thin film
deposition. The quadrupole mass filter system is integrated into an ion assisted MBE
setup (see Neumann et al. [67] for details of the original system and section 2.1 for its
current state). This unique system was realized by coupling either a constricted glow-
discharge plasma source [142] or alternatively a Kaufman ion source with a custom built
radio-frequency (RF) quadrupole mass filter, equipped with entry and exit ion optics,
ion-beam deflection, as well as ion-beam current monitoring. Hereby, the ability to be
paired with a variety of ion or plasma sources further demonstrates the versatility of this
unique setup. In the following, the components are initially described in the context of
the pairing with a constricted glow-discharge plasma source. The changes introduced
by its use with a Kaufman ion source are appropriately highlighted when discussed.
Parts of this section are also published in ref.[143].
2.2.1 Components
Ion mass filtering can be achieved by applying various principles. Here, the requirements
to be taken into account are: (i) a mass resolution sufficiently high to separate atomic
and molecular nitrogen ions, (ii) a low ion energy in the range of hyperthermal energies,
(iii) an ion beam current high enough for ion-assisted deposition processes, and (iv) a
broad ion beam with beam diameter in the order of 10 mm. Due to the reliance on
small apertures, the use of mass filters based on magnetic fields, e.g. Wien filters or
magnetic sector field mass filters, typically leads to significant losses of ion beam current,
especially in the case of low ion energies [2, 144]. Nevertheless, the specific challenges
arising during their alternative application are discussed in section 2.2.3. Quadrupole
mass filters, however, which rely purely on electric fields, provide a compact and efficient
approach for the mass separation of hyperthermal ions at comparably high ion beam
currents.
Therefore, the custom-made quadrupole mass filter setup as depicted in fig. 2.8 is
unprecedentedly employed here. It consists of an ion source that is positioned approx-
imately 2 cm in front of the entry electrodes of the setup. These consist of a series of
5 ring electrodes (labeled as 1-5 in fig. 2.8). The first electrode (1) is equipped with
a stainless steel grid that possesses a transparency of 70%. The purpose of this grid
with an applied DC voltage Ugrid is to shield the entry region from the plasma and elec-
tric fields originating from the source. Further, it supports the ion extraction from the
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Figure 2.8: Schematics and a photograph of the quadrupole mass filter setup (from
left to right): ion extraction grid, set of entry electrodes, three separate quadrupole
segments, set of ion optics electrodes, and beam current monitoring grid [143].
plasma - if applicable - by draining electrons yielding a grid current as shown in fig. 2.9.
Beside the ultimately utilized grid, the I-V-characteristics were probed for different grids
with reduced transparency and as well without a grid mounted to the electrode. It was
found, that the grid with a transparency of 70% and applied grid voltages of about 50 V
is a well suited compromise between current limitations of the power supplies, the strain
induced by deflected ions / electrons on the following electrodes and a sufficient electron
drain to inject the formed ion beam in the quadupole mass filter. In combination with
the Kaufman ion source the grid is grounded and used to monitor the ion beam current
stability throughout operations.
Together with an additional lens (6), the following stack of entry electrodes (2-5)
couples the extracted ions into the quadrupole and focuses the generated ion beam
close to the quadrupole axis. The following set of quadrupole rods is divided into
three segments (7-9), each being characterized by a field radius r0 = 8.75 mm and a
rod radius r = 10 mm. The ratio of the two radii was chosen within the interval for
optimum mass (m/z) resolution of 1.14 ≤ r/r0 ≤ 1.16 [145]. Moreover, the used ratio of
the radii is close to the optimum value of 1.145 for which the parasitic 12-pole term of
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Figure 2.9: Measured current-voltage curves for a variety of entry grids with different
transparencies mounted to the first electrode (1) while being paired with a constricted
glow-discharge plasma source. The negative grid currents originate from electrons being
drained from the plasma, which initializes the ion extraction.
the electric field of four circular electrodes vanishes. In all three segments an RF voltage
of constant frequency (3 MHz) but variable amplitude of up to 1.2 kV is applied to the
rods at opposite polarity for neighboring rods. The operation frequency was chosen
as a compromise between the electric losses and the depth of the effective potential.
Generally, for a given ion mass a higher operation frequency requires a higher operation
voltage. This provides a deeper effective potential, thus better ion confinement. Since
the power dissipation in the system is proportional to the operation frequency and the
square of the operation voltage, it increases strongly with the chosen frequency [146].
The selected operation parameters (3 MHz and 1.2 kV) were identified as maximum
achievable values for a stable long-term operation of the quadrupole system.
In addition to the RF potential, DC potentials are applied to each segment, sepa-
rately. For the first (7) and the third quadrupole segment (9), a DC potential is applied
to all four rods and is determined by the neighboring entry (6) and exit electrode (10),
respectively. Consequently, these DC potentials are called Uentry and Uexit. Being oper-
ated solely in RF-only mode, the first and third quadrupole segment (7, 9) function as
ion guides only. In addition to the DC potential Uaxis of the center quadrupole segment
(8) a differential DC voltage (opposite polarity between neighboring rods) can be ap-
plied. Consequently, this center quadrupole segment can operate as a mass (m/z) filter.
This implementation of separate quadrupole segments with their respective function was
suggested by Dawson [147] to decrease the loss of ions when coupling into and out of
the mass filtering quadrupole by reducing the influence of fringing fields.
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After passing the three quadrupole segments, the ions enter a set of ion optics elec-
trodes (10-13) that allow to focus as well as to deflect the ion beam. Finally, the ion
beam passes a high transparency (96%) stainless steel grid (14), which is used to mon-
itor the ion current leaving the setup and to shield the drift region between this grid
and the sample location from electric fields that originate from the electrodes within the
setup. The total length of the quadrupole system, measured from the ion extraction grid
(1) to the ion current monitoring grid (14), is approximately 55 cm, where the center
quadrupole segment is the longest component of the system with a length of 34.6 cm.
The constricted glow-discharge plasma source delivers a streaming nitrogen plasma
containing hyperthermal atomic (N+) and molecular ions (N+2 ) with kinetic energies of
less than 25 eV [50]. The source is typically operated with a nitrogen gas flow of 2.5 sccm,
which results in a pressure of 4×10−2 Pa close to the first segment of the quadrupole and
around 3 × 10−3 Pa in the drift region between quadrupole setup and sample location.
The Kaufman ion source is typically operated at 1.5 sscm yielding pressures of 1×10−2 Pa
near the quadrupole and around 4× 10−4 Pa in the drift region. It directly provides an
ion beam at adjustable ion kinetic energies. However, the quadrupole mass filter system
can additionally influence the ion kinetic energy by e.g. a careful adjustment of the
exit lens (10) to repel or deflect high energy ions during the coupling out of the prior
quadrupole segment. For details of both source types see section 2.1.4.
2.2.2 Working Principle of a Quadrupole Mass Filter
The general working principle of linear RF quadrupole mass filters has been investigated
extensively (see e.g. the reviews of Dawson [148] and Paul et al. [149]). An RF potential
with amplitude URF and a differential DC potential UDC are applied to the quadrupole
rods, such that the voltage between neighboring rods V (t) is given by
V (t) = 2U(t) = 2[UDC + URF sin(ωt)], (2.4)
with the radio frequency being f = ω
2π
= 3 MHz in the present setup. Ideal quadrupole
rods are hyperbolic in profile, which is approximated by a semicircular profile in the
presented setup. Assuming a hyperbolic profile the potential distribution Φ(x, y) on a
cross section of the quadrupole can be expressed as follows




where r0 is the quadrupole field radius. The resulting equations of motion for ions in this











where ze is the charge of the respective ions and m their mass. Depending on the
parameters a and q the ion trajectories are either stable, such that entering ions are
transmitted through the quadrupole, or unstable, meaning that the ions gain energy
from the electric field, thus increase their oscillation amplitude and leave the electrode
system or collide with an electrode. This can be summarized in the stability diagram
by plotting the parameter a versus q, which displays a characteristic, triangular-like
shaped region of stable trajectories for small values (< 1) of a and q. Refer to fig. 2.10
for illustrations of stability diagram, the quadrupole geometry and exemplary stable
and unstable trajectories.
Figure 2.10: Working principle of a quadrupole mass filter: (a) Stability diagram
describing the regions of stable and unstable ion trajectories in the parameter space
spanned by a and q. The dashed line represents a mass scan line along which exemplary
trajectories for ions with masses m1−3 are depicted in (c). (b) Schematic depiction of the
quadrupole mass filter geometry with indication of the applied voltages. (c) Illustration
of the low and high pass filter based on ion trajectories in the x- and y-plane. The indices
of the masses generally corresponds to the annotated positions in (a). In practice, the
trajectories are discontinued upon either leaving the quadrupole field or making contact
with the rods. Modified after Henchman and Steel [150].
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2.2.3 Alternative Mass Filters
Besides a linear quadrupole mass filter, two alternative methods for ion mass separation
are commonly utilized:
• Magnetic sector,
• Wien filter, also referred to as E ×B filter.
Both alternatives are in principle capable of producing mass filtered ion beams in
the desired energy range. However, each entails its individual design challenges that
would have to be addressed. In the following, ion trajectory simulations generated by
SIMION [151] are discussed to accentuate the respective device performance for different
ion beam properties. The respective device dimensions were chosen to reflect an equi-
table performance comparison. Note, that the stated ion kinetic energy of Ekin =80 eV
refers to the perceived energy of ions with a single charge. Therefore, N2+ has a kinetic
energy of 2Ekin =160 eV, although in experiment it would be accelerated by an acceler-
ation voltage of 80 V and indeed be measured to feature an ion kinetic energy of 80 eV
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Figure 2.11: Ion trajectory simulations using SIMION [151] to explore the influence
of ion beam properties during the transport through a 90◦ magnetic sector: ∆Ekin -
FWHM of Gaussian kinetic energy distribution, r - radius of filled circular ion beam
distribution, α - half angle of divergence. Ions have a selected filter radius of 0.1 m in
the magnetic field of 25.4 mT for Ekin = 80 eV.
In fig. 2.11 ion trajectories are depicted through a 90◦ magnetic sector with a pole
separation of 30 mm. The magnetic field strength was chosen such that for N+ a path
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Figure 2.12: (a,b) Ion kinetic energy redistribution within a N+ ion beam after passing
a sector magnet. The ions have a gaussian energy distribution with its center at 80 eV
and a FWHM of 10 eV. In (a) the beam originates in a single spot with zero divergence.
In (b) the beam originates in a filled circular distribution with a diameter of 5 mm and
has a filled half angle divergence of 2◦. (c) Ion velocities of a selection of nitrogen
ion species in dependence of its ion kinetic energy. The difference between velocities is
proportional to the mass resolution of the Wien filter.
radius of 0.1 m matches the center of the magnet arcs. For an ion kinetic energy of
80 eV this yields a magnetic field strength of 25.4 mT. While fig. 2.11(a) demonstrates
the ideal trajectories for a monoenergetic ion beam of point-like origin and zero di-
vergence, fig. 2.11(b,c) illustrate the impact of initial beam size and divergence. Both
effects highlight the advantage of this mass filter type, that is the focusing behavior
especially for divergent beams onto a focal plane after the mass filter. With geometric
considerations of the sector entry and exit angle, the focal length can be unified for ions
of different mass to charge ratio (for details see e.g. H. Liebl [152]). Thus, achieving
increased mass resolution or a reduced need for narrower apertures to select the desired
ion species. In fig. 2.11(d,e) the resulting beam dispersions are depicted for gaussian
energy distributions with FWHM of 5 eV and 10 eV, respectively. While the previous
ion beam properties are compensated by magnetic sectors due to focusing effects, energy
distributions yield a broadening of the exiting ion beam. Although this itself yields a
reduced mass resolution, the more pronounced issue is the redistribution of ions in the
deflection plane. This enables the possibility for additional energy selection but more
severely comprises an inhomogeneous energy distribution across irradiated areas. The
concurrent effect of the ion beam parameters is depicted in fig. 2.11(f,g).
In fig. 2.12(a) and (b) the ion kinetic energy redistributions within the beam are
extracted from trajectory simulations for a point-like ion source without divergence (see
fig. 2.11(e)) and a more realistic ion beam (see fig. 2.11(g)), respectively. Thus, in case
of its application a magnetic sector would be advised to be used in combination with
an electrostatic sector to reduce the effects of this redistribution.
In case of a Wien filter the mass filtering is sensitive to the velocity difference be-
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tween different ion species. Hence, achievable mass resolutions increase with the ion
kinetic energy as illustrated in fig. 2.12(c). Similar to the previous mass filter alter-
native, ion trajectory simulations are performed to evaluate the susceptibility of this
mass filter towards the ion beam properties. The Wien filter is constructed such that
opposite electrodes and magnets are 80 mm apart, respectively, such that the deflected
ion species do not collide with the mass filter and would be stopped at a following aper-
ture. The chosen filter length of 80 mm is comparable to commercially available Wien
filters. For stable trajectories of N+ at Ekin = 80 eV a magnetic field strength of 0.2 T
is used in combination with voltages of ±200 V, such that the electric field strength
between the electrodes is 6500 V/m. Note, that the ratio of those two values can be
freely tuned as the selected ion velocity is determined by the ratio of the electric and the
magnetic field strength. In fig. 2.13(a) the trajectories of an ideal ion beam are shown.
In fig. 2.13(b), (c) and (d,e) the impact of nonzero beam size, divergence and decreasing
energy resolution are illustrated, respectively. While the ion beam divergence and en-
ergy distribution can be compensated for by an adequate filter length, larger beam sizes
severely hinder the mass filter performance by requiring for significantly larger separa-
tions between individual ion species to achieve adequate mass resolution. Figure 2.13(f)
and (g) depict trajectory simulations of an ion beam with nonzero size, divergence and
decreasing energy resolution. Due to the relatively low kinetic ion energy a Wien filter
as designed here would only be able to separate molecular nitrogen ions from the other
species of interest. Considering the beam size with a radius of 5 mm, N2+ cannot be
reliably filtered out of the ion beam. In fig. 2.13(h-k) the ion kinetic energy is increased
from 20 eV to 500 eV in order to evaluate the required ion kinetic energy to achieve an
ion beam that only features the isotopes of N+. The magnetic field strength is kept
at 0.2 T during these simulations and the electric potentials are adjusted accordingly.
Reliable separation is realized for ion kinetic energies of 500 eV although with careful
adjustment of the mass filter length kinetic energies of about 250 eV might be sufficient.
Concluding, magnetic sectors are conveniently capable to compensate for beam size
and divergence. However, the ion energy resolution remains a design challenge, as
experimentally expected energy resolutions of 5-10 eV introduce significant beam spread.
The resulting energy distribution profile within the filtered ion beam would also have
to be addressed. For the application of a Wien filter the initial size of the ion beam
and the magnitude of the ion kinetic energy are the most prominent parameters. While
the beam size decreases the mass resolution, the ion kinetic energy determines the
necessary mass filter geometry in the first place. Or inversely - the mass filter would
be designed for a given kinetic energy, that ideally is well above the kinetic energies
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Figure 2.13: Ion trajectory simulations using SIMION R©[151] to explore the influence
of ion beam properties during the transport through a Wien filter: ∆Ekin - FWHM of
Gaussian kinetic energy distribution, r - radius of filled circular ion beam distribution,
α - half angle of divergence. The electrodes and magnets are 80 mm apart, respectively.
The magnetic field strength is 0.2 T and the electrodes are set to ±260 V yielding an
electric field strength of 6500 V/m. The ion kinetic energy is 80 eV in (a-g) and otherwise
as stated.
charge effects were not included in the simulations but are expected so significantly
hinder their performance due to them not having an equivalent to the above discussed
trapping potential of quadrupole mass filters (see section 3.1.3). Hence, the transmission
of the here discussed mass filter alternatives is primarily determined by the ion loss due
to space charge repulsion and the aperture size choice, that particularly affects the
achievable mass resolutions.
2.3 X-ray Diffraction and Reflectivity
X-rays are transverse electromagnetic radiation with a wavelength in the order of λ =
0.1 nm close to the atomic spacing in crystals. They are traditionally generated by irra-





































Figure 2.14: Schematic generation of a continuous (a) and characteristic (b) x-ray
spectrum. (c) Schematic of the resulting spectrum after filtration with annotation of
the maximum photon energy arising from the kinetic energy of the incident electrons.
diating matter with high-energy electrons. In laboratory x-ray diffractometers (here a
Rigaku Ultima IV Type 3) this is typically accomplished by irradiating Cu or other met-
als with electrons at a kinetic energy of 40 keV in vacuum. The electrons are provided by
thermionic emission from a W filament that acts as a cathode. The opposing metal an-
ode material continuously decelerates the electrons producing heat and Bremsstrahlung.
For a schematic representation of this process see fig. 2.14(a). The shape of the continu-
ous spectrum can be approximated by Kramer’s law. Additionally, characteristic x-rays
are emitted when the incident electron ejects a core shell electron of the anode material
and the following inverse-photoemission (see fig. 2.14(b)). Note, that this process is
exclusive with Auger electron emission. Additional characteristic x-rays are simultane-
ously indicated in fig. 2.14(b) to demonstrate their origin. The nomenclature of the x-ray
quanta follows the Siegbahn notation. In fig. 2.14(c) the resulting spectrum is schemat-
ically depicted, consisting of the Bremsstrahlung (blue) and exemplary characteristic
Kα- and Kβ-lines (orange). The maximum energy Emax of the x-rays is determined by
the kinetic energy of the electrons. At lower kinetic energies the spectrum is intrinsically
filtered by the anode material, the exit window of the x-ray tube (typically consisting
of Be and Al) and the laboratory atmosphere. With increasing age of the x-ray tube it
is commonly observed, that W is deposited on both the anode and the window yielding
characteristic W-lines and additional filtration in the resulting emission spectrum.
The general components and motion axes of a x-ray diffractometer are depicted in
fig. 2.15(a) with commonly used nomenclature. In the context of this work, the emitted
x-rays are subsequently focused into a parallel beam by a parabolic multilayer mirror and
further conditioned by a parallel slit collimator. Furthermore, the parabolic multilayer




























Figure 2.15: (a) General schematic of a x-ray diffractometer and annotation of the
axes of motion in side- and top-view. (b) Graphical representation of Bragg’s law
highlighting the involved parameters and the reoccurring optical path difference resulting
in constructive interference.
below 0.2% [153]. Finally, the beam shape is truncated to the desired size by a horizontal
and a vertical slit. In fig. 2.15(a) these components are consolidated to incidence optics.
Reaching the sample surface at an angle of incidence ω (occasionally also denoted as θ),
x-ray quanta predominantly perform coherent or elastic scattering with the electrons
of the sample material, that does not change the wavelength of scattered x-rays. The
scattered x-rays are then detected at the receiving angle of 2θ, that is measured from
the extension of ω. During so-called coupled, symmetric or specular 2θ/ω-scans, θ is
simultaneously increased such that θ = ω. For an exemplary measurement refer to
fig. 2.16. This allows for the selective detection of scattered x-rays from the crystal
planes that are parallel to the sample surface, since their optical path difference in the
material enables constructive interference (see fig. 2.15(b)). This condition is described
by Bragg’s law:
nλ = 2d sin θ, (2.8)
with n being the integer representing the order of the reflection, λ being the x-ray
wavelength and d being the distance between the crystal planes. At lower angles this
behaviour also holds true for diffraction at thin film interfaces (see e.g. fig. 2.16 at
angles close to 0◦). The transition from total reflection to refraction and reflection by
the thin-film-substrate interface are distinguishable in fig. 2.17(a).
Due to the utilization of sufficiently high energy Cu-radiation, for reflections of high
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Figure 2.16: Exemplary wide range, high resolution 2θ/ω-measurements of a bare 6H-
SiC(0001) substrate (blue) and one after GaN thin film deposition. At the top, relevant
reflection positions and derivatives due to Kβ and W Lα contributions are indicated
according to the following scheme: blue - 6H-SiC(000m), with m being multiples of 6;
orange - w-GaN(000m), with m being multiples of 1; grey - 6H-SiC(000m), with m being
multiples of 1, except multiples of 6.
intensity contributions of incoherent or Compton scattering can be observed (see e.g.
fig. 2.17(b)). Additionally, the Cu Kα-satellite is distinguishable for high intensity re-
flections on the tail towards lower angles. The contribution arising from incoherent
scattering and characteristic wavelength other than Kα are further reduced by the uti-
lization of a graphite monochromator on the receiving side. Here, an additional parallel
slit collimator and two further slits can be used to condition the received x-rays such
that high resolution measurements are achievable. The components are summarized
by the term receiving optics in fig. 2.15(a). At all times, both the x-ray source and
the detector are kept at a fixed and identical distance from the sample, the goniome-
ter radius. Towards higher 2θ-angles, so-called higher order reflections are observed.
They are included by n in Bragg’s law. In case of 6H-SiC the most noteworthy are 6H-
SiC(00012) and 6H-SiC(00018) for the 6H-SiC(0006) as plotted in fig. 2.17(c,d). Due
to the sinusoidal nature of Bragg’s law reflections of similar lattice distances at higher
angles are further separated and broadened. Same holds true for reflections of a single
lattice distance probed by different wavelengths. A vivid example of this is the increas-
ing separation of Kα,1 and Kα,2 induced reflections. Deviations from this predetermined
broadening behaviour can be utilized in this context to qualitatively characterize the
origins of reflection broadening. However, the higher order reflections of thin films -
especially with thicknesses as discussed in this context - feature significantly decreased
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Figure 2.17: Magnified regions of interest from fig. 2.16 with identical indications and
coloring: (a) Transition from total reflection to refraction with and without Kiessig
fringes from a GaN thin film. The shift of the critical angle due to the density of GaN
is indicated by the dashed lines. (b-d) Reflections of w-GaN and 6H-SiC for increasing
diffraction order n of 1, 2 and 3, respectively.
intensity towards higher angles primarily due to the changing structure factor and geo-
metrical effects. In general, the distribution of crystal planes (their tilt for out-of-plane
planes) is commonly used as a measure to quantify the crystal quality. This is accom-
plished by measuring a so-called ω-scan or rocking curve, that is done by scanning ω
around 2θ/2, which is equivalent to rocking the sample at constant 2θ/ω.
Additional degrees of freedom are the sample rotation, described by the angle φ,
and the rotation of the receiving side out of the plane spanned by the incidence side
and the sample, that is described by the angle 2θχ. Similar to the relation between
the incidence and receiving angle, 2θχ and φ can be used to probe for crystal planes
perpendicular to the sample surface. This is achieved by choosing θ and ω close to 0◦.
In the following this measurement will be denoted as in-plane 2θ/ω-scan or 2θχ/φ-scan.
Its major advantage is the increased sensitivity and contrast for reflections originating
from close to the sample surface, where in this context the crystal planes of interest
reside - namely the deposited thin films. The increase in surface sensitivity is associated
with a reduced penetration depth with respect to the sample normal due to the small
angle of incidence. The analogous in-plane scan to a rocking curve is a φ-scan, that is
a measure of the crystal twist with respect to the film surface normal.
In order to determine the texture of thin films pole figures can be measured, that are
the determination of the crystal plane distribution on the hemisphere above the sample.
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Figure 2.18: Illustration of a pole figure measurement using α and β to describe the
tilt and rotation of the sample, respectively. This way the distribution of individual
crystal planes can be probed for the hemisphere above a sample. For ease of represen-
tation, pole figures are typically stereographically projected onto the plane below the
hemisphere [154].
This is accomplished by fixing 2θ/ω while the sample is rotated and tilted. Typically
the resulting density maps are projected on the equator via a stereographic projection
and the polar angles are traditionally denoted as α and β. For an illustration of the
general measurement principle and the allocation of the polar angles see fig. 2.18. In
this context however, the goniometer is equipped with an in-plane arm that enables the
2θχ movements, such that α can be represented by a combination of 2θ, ω and 2θχ.
This variation is called an in-plane pole figure and can noticeably be performed without
the need for sample tilting. The pole figures and extracted φ- or β-scans in this work
were all recorded using the in-plane arm and a parallel beam.
As mentioned above, at 2θ/ω-angles close to 0◦ the x-rays undergo total reflection.
With increasing 2θ/ω x-rays start to penetrate the sample and perform refraction. The
angle, at which the reflected intensity drops is denoted as critical angle and is pro-
portional to the electron density in the material. Hence, If the material is known, its
density can be determined. For even higher angles, the x-rays are reflected at interfaces
to underlying layers or the substrate yielding oscillations whose period is proportional
to the film thickness. Further, the amplitude of the oscillations is proportional to the
density contrast between the film and underlying material. The intensity and oscillation
decay rate at higher angles are related to the surface and interface roughness. The 2θ/ω-
measurement in this range is commonly denoted as x-ray reflectivity measurement. The
individual influences on its shape are consolidated in fig. 2.19.
The x-ray reflectivity measurements are fitted using GenX [155], that utilizes differ-
ential evolution during the refinement and is based on the Parratt algorithm [156]. As
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Figure 2.19: Schematic of the information deductible from x-ray reflectivity measure-
ments [157].
such, the roughness is assumed to have a Gaussian distribution.
In addition to the diffractometer stated above, a Seifert XRD 3003 PTS is utilized for
the 2θ/ω-, rocking curve and reflectivity measurements in section 3.2. This diffractome-
ter is equipped with a Ge(220) 2-bounce primary beam monochromator, that removes
wavelengths other than the Cu Kα,1 at the cost of overall intensity.
2.4 Atomic Force Microscopy
In order to determine the surface topography of the deposited thin films, atomic force
microscopy (AFM) is applied in intermittent contact mode, during which a cantilever
is oscillated close to its resonance frequency by a piezoelectric element. Simultaneously,
a laser beam is directed at the top side of the cantilever, where it is reflected onto a
position sensitive photodetector. Since the photodetector is comparably distant to the
tip, deviations of the cantilever position are noticeably amplified on the detector by a
shift of the reflection spot. The amplification of the small angle deviations with distance
is commonly referred to as an optical lever. When the cantilever and its attached tip
are brought in close proximity to a surface, the tip interacts with the surface atoms
changing its resonance frequency. Thus changing the amplitude and phase of the os-
cillation. The introduced deviations from the cantilever oscillation amplitude are then
optically detected and compensated by adjusting the distance between tip and surface.
The sensitivity of the corrections are determined by a PID-controller and the resulting
corrections of the distance represent the surface topography. Depending on the distance
between tip and surface, different measurement modes are distinguished with decreasing
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Figure 2.20: Schematic representation of the AFM components (left) and resulting
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Figure 2.21: (a) Exemplary AFM measurement of a GaN thin film on 6H-SiC. (b)
Extracted horizontal profile from (a) at the position of the grey dashed line and height
profile of the total map introducing and comparing surface statistical quantities.
separation: non-contact, intermittent contact and contact mode. During the latter the
cantilever is typically not oscillated. The working principle of an AFM is schematically
illustrated in fig. 2.20. In this context, OTESPA-R3 cantilevers are utilized, that feature
nominal and maximum tip radii of 7 nm and 10 nm, respectively.
In fig. 2.21 an exemplary AFM measurement, an extracted horizontal profile and the
complete height profile of a GaN thin film on 6H-SiC are shown. After measurement, the
maps are line-wise leveled and the mean-plane is subtracted. Afterwards the minimum
height is set to zero to preserve convenient access to quantities of interest for thin films
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Figure 2.22: (a) Height-height correlation function of the AFM measurement depicted
in fig. 2.21(a). For an elaboration of the fit function refer to the text. (b) Exemplary
height profiles of identical surfaces that differ only in their Hurst exponent, highlighting
the influence of its value such that α1 > α2. Modified after Ureña et al. [158].
that are not fully coalesced, as are discussed here. Since the surfaces in this context are
typically self-affine or mounded - depending on the progress of the film formation - and
occasionally feature deep grooves, classically used quantities like the surface root-mean-
squared (rms) roughness are to be used with care, as they are strongly influenced by
the film thickness. The rms-roughness, Sq, is defined as







(zi,j − z)2, (2.9)
where N, M are the size of the map in the x-y-plane and z is the mean value. Similarly








|zi,j| − z. (2.10)
The difference of the minimum and maximum height is denoted as peak-to-valley height
(PV). In this context the average film thickness and surface width are additionally
estimated by fitting the dominant peak of the height profile with a Gaussian. These
quantities are found to typically coincide well with the Sa and median height.
Moreover, the one-dimensional height-height correlation function (HHCF) based on
profiles along the fast scanning axes is utilized to quantify the surface features in more
detail. Before its application the function is additionally evaluated along the slow scan-
ning axes. The results are compared to gauge the influence of possible leveling artifacts
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or anisotropy. The resulting fit parameters are found to coincide well, as only the de-
tailed structure for τ >> ξ varies, while σ is not significantly altered. Therefore, in the
following only the horizontal averaged HHCF are discussed. For an exemplary HHCF
of the AFM measurement depicted in fig. 2.21(a) refer to fig. 2.22.








(zj+m,i − zj,i)2, (2.11)
where m = τ/∆x, with ∆x and τ being the distance between two neighboring points and
the resulting distance coordinate. It is commonly treated to be Gaussian shaped [158–
161]:
HHCF(τ) = 2σ2{1− exp[−(τ
ξ
)2α]}, (2.12)
where ξ and α are the correlation length and Hurst exponent, respectively. The Hurst
exponent is a qualitative measure of the short-range roughness or jaggedness of a surface
- i.e. it describes structure of grain surfaces, that is smooth for values close to one and
rough for values close to zero [162]. Exemplary surfaces, highlighting the influence of
the exponent, are depicted in fig. 2.22(b). Note, that the exact value of α modifies the
shape of the expression. As such, e.g. α = 0.5 yields an exponential function. Following
the notion of Gredig et al. [159] and Sinha et al. [161], the HHCF saturates for τ >> ξ
such that
HHCF(τ >> ξ) ∼= 2σ2. (2.13)
For τ << ξ, the expression above is found to occasionally overestimate the Hurst expo-
nent [159]. Therefore, this region is additionally fitted using
HHCF(τ << ξ) ∼= Aτ 2α, (2.14)
with A being a constant (see fig. 2.22(a)). The intersection of both approximations is
equivalent to the correlation length ξ, that is proportional to the average size of surface
features, i.e. the grain size. For well separated cylindrical grain shapes, Fekete et al.
[163] determined that the average grain size is adequately described by multiplying the
correlation length with a factor of 2.6. Due to the here present crystalline nature of the
grains, that feature different symmetries based on the crystal phase, a similar expression
is expected but not established.
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2.5 Transmission Electron Microscopy
To investigate the microstructure of the deposited thin films, transmission electron mi-
croscopy (TEM) is employed. TEM measurements are performed using a probe Cs-
corrected Titan3 G2 60-300 operated at a typical electron kinetic energy of 300 keV.
The preparation of the TEM lamella is performed using a Ga focused ion beam (’Zeiss
Auriga FIB-SEM Crossbeam System’). Subsequently, the lamella are thinned using an
Ar ion beam (’Fischione NanoMill’). The process is described elsewhere in detail [164].
During TEM measurements, a thin lamella of the material of interest is irradiated
with a coherent electron beam that is focused to be parallel to the sample normal
and undergoes either elastic or inelastic scattering while passing through the sample.
Afterwards, the transmitted electrons or the scattered (including diffracted) electrons are
imaged, which is known as bright-field (BF) and dark-field (DF) imaging, respectively.
During the latter a specific diffraction, that participates in the formation of the resulting
image, can be selected by the use of an objective aperture. The same aperture is
used during BF-imaging to select the transmitted beam. At especially high scattering
angles (80-200 mrad), the imaging mode is referred to as high-angle annular dark-field
(HAADF).
The imaging modes achieve their contrast based on different mechanisms. As such,
BF-images are characterized by mass thickness and diffraction contrasts, while DF-
images feature additional Z-contrast, that additionally enables the distinction of different
materials.
Analogous to its use during the introduction of RHEED, eq. (2.2) can be used to
determine the de Broglie wavelength of the electrons in a TEM. At an acceleration
voltage of 300 kV it is ∼ 2 pm. Besides its importance in the diffraction of electrons in
the specimen - following Bragg’s law - the small wavelength enables the focusing of the
electron beam down to atomic resolution. Hence, facilitating the foundation of scanning
transmission electron microscopy (STEM), where the electron beam is focused onto the
sample plane, such that the transmitted electrons can be associated with the interaction
coordinate in the sample.
For an elaborate introduction and discussion of (S)TEM refer to e.g. Fultz and Howe
[165].
3 Results and Discussions
In this chapter the quadrupole mass filter system, as extensively introduced in sec-
tion 2.2, is characterized with regards to its mass filtering capabilities and the resulting
ion beam properties. Afterwards it is applied to perform energy and mass selected
ion beam assisted molecular beam epitaxy (EMS-IBAMBE) of GaN to independently
explore the influence of the most prominent nitrogen ion species (N+ and N+2 ) during
thin film growth on 6H-SiC(0001) substrates without the utilization of buffer layers or
dopants.
3.1 Characterization of the Quadrupole Mass Filter
System
The initial, extensive characterization of the system is performed using a constricted
glow-discharge plasma source. The changes introduced by its use with a Kaufman
ion source are appropriately highlighted and the performance in dependence of the
source type compared. Subsequently, the characteristics of the generated ion beams are
presented.
Note, that the results discussed in this section are also partially published in ref.[143].
3.1.1 Mass Filter Performance and Resolution
According to eq. (2.6) and eq. (2.7), the stability diagram of a quadrupole mass filter
can also be given as a function of URF and UDC, for given mass, charge, frequency
and quadrupole geometry, where the stable regions are shifted according to the mass
to charge ratio of the ions. Fig. 3.1 displays a corresponding measurement of the ion
current, measured with a Faraday-cup (Ø=5 mm) at sample position, in dependence
of the DC potential UDC and the RF amplitude URF. In this case, the quadrupole
mass filter was paired with the constricted glow-discharge plasma source. Two main
contributions are visible in this diagram, denoted N+ and N+2 , referred to as atomic and
molecular nitrogen ions. Additionally, the stability regions of N2+ and of the isotope
15N+ can be detected. As the plasma source is operated with nitrogen gas that contains
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impurities of e.g. argon, a stability region for Ar2+ can be discerned, too, especially in
fig. 3.2(a).
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Figure 3.1: Ion current, measured with a Faraday-cup at the sample position, plotted
in dependence of the DC potential UDC and the amplitude of the RF potential URF
applied to the center quadrupole rods (8). In this measured stability diagram, the
triangularly shaped stability regions of the most prominent ion species are denoted.
The dashed white lines correspond to the calculated border lines of the regions of stable
ion trajectories. The dashed black line indicates a typical mass scan line, on which
specific ion species are selected. The black circles indicate typical chosen operating
conditions for the transmission of N+ and N+2 , respectively.
Furthermore, corresponding to the analytical stability diagram the border lines of re-
gions, where the trajectories of these ions would be stable, are indicated by dashed white
lines, as calculated from the polynomial solution resulting from Mathieu’s differential
equation [166]. The calculated stability regions are in good agreement with the mea-
sured data. Hence, it is demonstrated that the presented setup is capable of separating
different ion species, particularly atomic and molecular nitrogen ions, and therefore can
function as a mass filter. Typically, quadrupole mass filters are operated along so called
mass scan lines, where UDC and URF are varied while keeping their ratio constant. The
value of this ratio determines the mass resolution (m/∆m) of the mass filter, where the
optimal mass resolution is achieved by passing through the tips of the stability regions.
Here, the mass resolution only needs to be sufficient to achieve separation of atomic
and molecular ions. Since mass resolution and transmission generally counteract each
other [167], the quadrupole is operated under the condition UDC = 0.1URF, or higher,
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in order to allow for reasonably high ion beam currents while separating molecular and
atomic nitrogen ions. Mass scans with increasing slope are illustrated in fig. 3.2(a), high-
lighting the presence of expected plasma impurities. Further, especially in combination
with fig. 3.2(b) it can be distinguished that single mass resolution is well within the
range of capabilities of the setup, allowing for perspective depositions using e.g. 15N+.
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Figure 3.2: (a) Continuous mass scans with increasing mass scan line slope highlighting
the mass resolution capabilities of the mass filter system. The dotted horizontal line
represents a slope of 0.1 and corresponds to the minimum value typically chosen during
depositions. The slight current oscillations are assumed to be originating from boundary
effects between the three quadrupole segments, comparable to those investigated by
Collings [168]. (b) Typical mass spectra as extracted from (a).
Equipping the quadrupole mass filter with a Kaufman ion source yielded a measured
stability diagram as shown in fig. 3.3(a). Besides being noticeable more homogeneous
in regard to the ion currents within the regions of stable and unstable trajectories,
stable trajectories of gas impurities, originating from e.g. Ar, are no longer detectable.
Although the gas supply is kept the same. Additionally, the contributions from N2+
and 15N+ are reduced. These observations are expected to originate from the following
influences:
• Depending on the source type, the electrons ionizing the N2 gas feature different
energy distributions. The Kaufman ion source was operated with a discharge
voltage of 50 V, yielding electrons with kinetic energies of approximately 50 eV. In
case of the constricted glow-discharge plasma source on the other hand the voltage
drop-off near the anode and hence the voltage determining the electron energy are
determined to be mostly around 30 V [142, 169]. However, this is highly dependent
on the operation conditions and inhomogeneous within the source volume. As
such, ionization of N2+ that starts at about 70 eV is ample present. The ionization
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cross sections are depicted in fig. 3.3(b) for the prominent nitrogen ion species.
For the argon cross sections see e.g. Kobayashi et al. [170]. However, Kaufman ion
sources with Ar as process gas typically operate at discharge voltages of 70-100 V.
In combination with the respective electron kinetic energies of each source type,
the ionization cross sections significantly determine the ion species occurrences of
different ion source types.
• Since the Kaufman ion source directly emits ions, the trajectories of ions injected
can be adjusted by the electric fields of the quadrupole mass filter system as
intended and are not partially shielded due to the presence of electrons as during
the operation with a plasma source. While the mass separation was clearly shown
to be working in this case as well, it was found that a significant amount of electrons
is still present in the first quadrupole segment and to a certain degree as well in
the main, mass separating segment. This fact is later utilized to influence the ion
kinetic energies. Hence, the nonzero ion current in regions of unstable trajectories
is attributed to the presence of electrons in the quadrupole mass filter and the
resulting shielding effects.
200 400 600 800 1000 1200 1400







































































Figure 3.3: (a) Measured stability diagram of the quadrupole mass filter system paired
with a Kaufman ion source.(b) Ionization cross sections for different nitrogen ion species
by electron impact ionization [171].
3.1.2 Ion Beam Characteristics
In the following, the distribution of the kinetic energy of the ions transmitted through
the quadrupole setup is examined, as measured using a Faraday-cup with a retarding
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field grid located at the sample position. Initially, this is carried out for the utilization
of a constricted glow-discharge plasma source, since the ion kinetic energy is mostly
defined by the beam potential in case of the Kaufman ion source.
It was found that both, the magnitudes of Uentry and Uaxis define the kinetic energy
of atomic and molecular ions as shown in fig. 3.4. It is exemplary shown that increasing
Uentry, while keeping the other potentials and conditions constant, accordingly increases
the average kinetic energy of atomic ions. Additionally, for molecular ions the kinetic
energy is increased by increasing Uaxis. The distributions of kinetic energy are repro-
duced by Gaussian functions. The full width at half maximum (FWHM) for the main
contribution to the kinetic energy distribution of atomic ions and molecular ions is ap-
proximately 20 eV and 10 eV, respectively. However, their distributions are broadening
towards higher kinetic energies. Especially for molecular ions there are deviations from
the Gaussian shape on the higher-energy tail of the peak, showing that molecular ions
with higher kinetic energies also contribute. The widths of the distributions however are
small enough to allow for investigating the basic influences of the ion kinetic energy on
film growth processes. Further, the energy distributions of molecular nitrogen feature
a narrow contribution towards lower energies, that is associated with a thermalization
process induced by collisions with the residual gas in the system. This assumption is fur-
ther validated as the occurrence of such a narrow peak could also be enforced for atomic
nitrogen by increasing the inlet gas flux to 5 sccm, where 1 sccm ∼= 2.27×103 molecules/s.
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Figure 3.4: Exemplary ion kinetic energy distributions for atomic (a) and molecular
(b) nitrogen ions generated by a constricted glow-discharge plasma source.
The explanation for the observed kinetic ion energy distributions and for the iden-
tified dependencies lies in the here present combination of the plasma source and the
quadrupole system. Initially, the ions are, due to a pressure gradient, gas-dynamically
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accelerated in the nozzle of the plasma source [169]. The resulting kinetic energy of the
ions in this streaming plasma is smaller than 25 eV [48]. In the region of the entry elec-
trodes (1-6) and also of the first two quadrupole segments (7, 8) the ions are extracted
from the plasma as well as from the high pressure region, which means that the influence
of the plasma space charge as well as of the collisions with neutral gas molecules de-
creases to the point where they do not play a role. Since atomic and molecular nitrogen
ions have a different ion mass and also a different cross section for collisions due to their
different size, their behavior in that particular section of the quadrupole differs signif-
icantly. Therefore, the extraction from the plasma and from the region dominated by
collisions between the ions and the background gas can take place in different positions
depending on ion species and the operation conditions of the plasma source and the
quadrupole system. In principle, the ion energy selection works in the following way:
The ions enter the region of a certain electrode with a positive potential. The potential
is screened due to the plasma or collisions with the background gas dominate the behav-
ior of the ion trajectories, such that there is no effective potential barrier to decelerate
the ions. Within this electrode the ions are extracted. When the ions leave the region of
the electrode, a potential drop accelerates them. Hence, their kinetic energy is defined
depending on the potential at the extraction location. In conclusion, the kinetic energy
of the mass-selected atomic and molecular ions (see also fig. 3.5(b)) reaching the sample
position can be adjusted and controlled within the typical range of hyperthermal ion
energies with sufficient accuracy.
The characteristics of the ion beam leaving the quadrupole system are of importance
with regard to homogeneity and duration of the film deposition process as well as the
quality of the resulting thin films. In fig. 3.5 the relevant parameters of the ion beam are
summed up: achievable ion beam currents and ion current densities, ion beam profile
as well as divergence of the ion beam. According to the measurement (orange points in
fig. 3.5(a)), the ion current measured on a Faraday-cup with an area of 10 mm×10 mm
(equal to sample size) decreases with increasing distance from the quadrupole system
exit. This is an indication for the presence of ion beam divergence. Employing an
ion current measurement device with a larger detection area in form of a disc with
a diameter of 5 cm, it is expected, that the measured ion current of a divergent ion
beam remains constant up to a certain distance from the quadrupole exit. For distances
exceeding this specific distance, the ion beam spread gets larger than the dimension of
the measuring device and the measured ion current starts to decrease. This behavior
can be indeed observed in fig. 3.5(a) (blue points). For a distance from the exit of the
quadrupole system of 7.5 cm, approximately 90% of the maximum available ion beam
current is collected by this disc. Assuming a Gaussian ion beam shape, the FWHM
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Figure 3.5: Characteristics of the ion beam after leaving the quadrupole system:
(a) Ion current measured on a Faraday-cup with an area of 1 cm×1 cm (orange) and
on a disc with a diameter of 5 cm (blue) divided by the total ion beam current mea-
sured by the beam monitoring grid (14), plotted in dependence of the distance from the
quadrupole system exit. (b) Achievable ion current densities plotted in dependence of
the average ion kinetic energy for atomic ions (blue) and molecular ions (orange) at a
distance of 7.5 cm between the Faraday-cup and the quadrupole system exit, correspond-
ing to the sample position. (c) Profiles of the ion beam at a distance of 7.5 cm from the
quadrupole exit, measured by moving a Faraday-cup across the ion beam in two per-
pendicular directions (average kinetic energy of atomic ions of 40 eV). (d) The profiles
of the ion beam for identical average kinetic energy as simulated with SIMION[151].
of the ion beam profile can be approximated to be 3.5 cm, accordingly. Due to the
observed beam divergence it is beneficial to decrease the distance between the exit of
the quadrupole system and the sample position as much as possible, so that both the ion
current densities and the resulting film deposition rates are sufficiently high. The chosen
operation distance of 7.5 cm is a compromise of this requirement and of the necessity
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that the Ga atom flux from the effusion cell can reach the sample position without being
shadowed by the quadrupole system exit.
Fig. 3.5(b) illustrates achievable ion current densities at this chosen distance of
7.5 cm from the quadrupole exit to the sample position. The corresponding total
ion beam currents Iatomic and Imolecular measured at the grid for ion current monitor-
ing for the data points shown lie in the ranges of 0.2µA < Iatomic < 3.9µA and
0.1µA < Imolecular < 0.9µA, depending on the kinetic energy of the respective ions.
Clearly, the ion current densities increase with increasing ion kinetic energy. It is known
from computer simulations, that ions are lost depending on the number of RF cycles and
that for this reason, the transmission of a quadrupole increases with increasing kinetic
energy of the ions [172]. Further, at higher kinetic energies, space charge effects are
weaker at the same ion current. This may also increase the transmission of the system.
According to the Brice model [47, 173] the optimum kinetic energy of atomic nitrogen
ions assisting the deposition of GaN should be approximately in the range 22 eV ≤
Eopt ≤ 45 eV in order to obtain a high crystalline quality of the resulting films (see
section 1.2.1 for details). If this requirement is fulfilled, the maximal achievable ion
current density is j ∼ 0.5µA/cm2 (as extracted from fig. 3.5(b)). In the case that all
impinging ions remain at the sample surface and contribute to the growth of the nitride
film, deposition of a film with a thickness of 10 nm is achievable within a few hours. For
molecular nitrogen ions however, it can be assumed, that an additional amount of energy
is necessary to dissociate the molecular ion. Consequently, the remaining kinetic energy
is divided upon the two resulting atoms. The kinetic energy of molecular nitrogen ions
therefore can potentially be increased accordingly, reducing the time needed for film
growth of identical thickness.
In order to ensure the deposition of films with a high lateral homogeneity, the FWHM
of the broad ion beam has to match the size of the sample. Fig. 3.5(c) shows the ion
beam profiles measured by moving a Faraday-cup with a high lateral resolution (diameter
of orifice d = 1mm) through the ion beam in two perpendicular, cross-sectional directions
for atomic ions with an average kinetic energy of 40 eV. On the shown length scale
the beam profiles can be approximated by a Gaussian function. The FWHM for the
two lateral directions are 12 mm and 11 mm, respectively. Evidently, the ion beam
cross-section is rather circular and thus does not exhibit a significant ellipticity. The
ellipticity inherently originating from the elliptical shape of the effective potential in the
mass-filtering quadrupole segment (see below) obviously vanishes behind this segment.
Furthermore, it can be concluded that homogeneous film deposition is achievable on
length scales in the order of several mm.
Fig. 3.5(d) shows the result of an ion trajectory simulation using SIMION [151]. Ion
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trajectories in the three quadrupole segments were simulated in order to estimate the
angular and spatial distribution of ions leaving the last quadrupole segment and entering
the exit ion optics. Assuming these as starting conditions for a simulation of the ion
trajectories in the ion optics, the potentials applied to the ion optics electrodes were
optimized such that the number of ions arriving at the sample with less than 2.5 mm
distance from the ion beam axis was maximized. For these optimized potentials the
spatial distribution in a distance from the quadrupole exit corresponding to the sample
position is shown for ions with an average kinetic energy of 40 eV. The indicated orange
and blue fit curves are each a sum of two Gaussian functions with FWHM values of
11 mm and 12 mm for the two narrow functions and 37 mm and 38 mm for the broader
ones. These simulated data are in good agreement with the measured data of the beam
profiles on small length scales (see fig. 3.5(c)) and the beam divergence approximated
from fig. 3.5(a) on larger length scales.
High ion beam currents, which are required for a preparative application of a quadru-
pole mass filter, suggest that space charge repulsion can be the cause of beam broadening
and a limiting factor for the achievable ion beam current [174]. However, the simulation
reproduces the measured beam profile and the beam divergence well without taking into
account space charge effects. Therefore, a reason for the divergence is assumed to be
the broad angular distribution of the trajectories of the ions, which are coupled out
of the RF potential. For a detailed discussion of possible space charge effects refer to
section 3.1.3.
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Figure 3.6: Exemplary ion kinetic energy distributions for atomic (a) and molecular
(b) nitrogen ions generated by a Kaufman ion source. The ion energies were determined
using a Faraday-cup at the sample position.
When the quadrupole mass filter system is paired with a Kaufman ion source, the
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ion kinetic energies are determined by the source itself and typically not further altered.
This was further experimentally verified by measuring the ion energy with a retarding
field analyzer at the sample position while disabling the quadrupole and all other elec-
trodes at the system. The differences in ion kinetic energy with engaged electrodes were
below 2 eV. Exemplary ion kinetic energies achievable with this source are provided for
different beam voltages Ubeam in fig. 3.6. Similar to the operation with a constricted
glow discharge, the ion kinetic energy distributions of molecular ions feature a narrow
and a comparably broad contribution. The expected origin of the narrow contribution
remains to be collisions with the residual gas. Overall the FWHMs of the energy distri-
butions are slightly smaller for the Kaufman ion source, especially for atomic nitrogen.
The energy FWHMs and centers of the individual contributions are fitted with Gaus-
sians and compared between the two different ion/plasma source types. The results
are depicted in fig. 3.7. In general, the kinetic energy distributions for atomic ions are
indeed reduced by approximately 5 eV in comparison to the plasma source. However,
there is no trend discernible with increasing energy. In contrast, for molecular nitrogen
ions, the overall broader energy contribution becomes wider with increasing energy. The
narrow contribution stays approximately the same if it is not slightly sharpening.
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Figure 3.7: Comparison of the resulting center and FWHM values of the exemplary
ion kinetic energy distributions for atomic (a) and molecular (b) nitrogen ions generated
by the constricted glow-discharge plasma source and the Kaufman ion source.
In fig. 3.8 the ion current densities achieved with both discussed source types are
compared in dependence of the ion kinetic energy. The trend lines shown are linear
fits of the respective atomic nitrogen ion current densities. Comparing their slopes it
can be deducted, that achievable ion current densities achieved at the sample position
are increased by a factor of about 2.6 when using the Kaufman ion source. However,
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since both source types are known to emit significant ion currents in the mA-range, it is
presumed, that the observed difference originates in the combination of two effects: (i)
Differences in the ion beam divergence entering the quadrupole mass filter to the benefit
of the Kaufman ion source, since it is equipped with a two grid extraction system. This
allows to tune the focus of the ion beam onto the entrance of the quadrupole mass
filter system. (ii) As discussed above, while using the constricted glow-discharge plasma
source the ions are finally extracted within the quadrupole mass filter system, hence the
entry electrodes primarily function to further drain electrons from the plasma. In case
of the Kaufman ion source, the entry electrodes operate as lenses and allow to fine tune
insertion into the initial quadrupole segment. Since the transmission of quadrupole mass
filters is sensitive to the initial angle of ion trajectories with respect to the quadrupole
axis, this is also beneficial for the transmission during the operation with a Kaufman
ion source. Exemplary potential landscapes are depicted in fig. 3.9 for both, the use
with a constricted glow-discharge plasma source and the Kaufman ion source. In either
case the ion optics function effectively as an einzel lens that enables final beam shaping
before entering the drift region.
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Figure 3.8: Comparison of the maximum ion current densities achieved for N+ and N+2
ions at the sample position in dependence of the ion kinetic energy. The trend lines are
linear fits of the atomic nitrogen ion current densities.
Due to the fact that the Kaufman ion source directly emits an ion beam, the ion
currents entering the quadrupole mass filter system can be measured using the entry
grid (1). Additionally, the ion currents leaving the system are monitored using the exit or
current monitoring grid (14). In combination, it is experimentally possible to determine
the transmission of the entire system by calculating the ratio of ions leaving and entering
the system. This is accomplished in fig. 3.10, yielding transmissions between about 0.1%
64 3 Results and Discussions








 c o n s t r i c t e d  g l o w - d i s c h a r g e
 K a u f m a n
1 3
1 2
1 1    1 48
9      1 0
3    4    5    6    7
2
f r e e  
i o n  
b e a m






p a t h  o f  i o n s  t h r o u g h  q u a d r u p o l e  s y s t e m
e n t r y  
e l e c t r o d e s
1
 
Figure 3.9: Exemplary potential landscape of the quadrupole mass filter system com-
bined with a constricted glow-discharge plasma and a Kaufman ion source. During either
operation an atomic nitrogen ion beam was emitted with average ion kinetic energy of
80 eV.
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Figure 3.10: (a) Ion currents entering and leaving the quadrupole system as determined
by the entry and exit grid, respectively. (b) By taking the ratio of the currents entering
and exiting the system, the transmission of the entire quadrupole mass filter system is
determined for both prominent nitrogen ion species.
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3.1.3 Space Charge Considerations
For the presented setup space charge limitations are considered in two regimes, the
trapped ion beam within the quadrupole segments and the free ion beam or drift region
between the exit lens and the substrate.
Charge in the Quadrupole Mass Filter
The ion motion in the quadrupole can be described by the solution of the Mathieu’s
differential equation that is in general an infinite series of harmonic oscillations. The first
one with the lowest frequency is called secular motion and has the frequency Ω = 0.5βω,
where β is a number depending on the parameters a and q [175]. An approximate





2(a− 1)2 − q2 −
(5a+ 7)q4
32(a− 1)3(a− 4) −
(9a2 + 58a+ 29)q6
64(a− 1)5(a− 4)(a− 9) + · · ·. (3.1)
The ion motion is stable for values β between 0 and 1; these values determine the
borders in the stability diagram. Comparing the harmonic oscillations with the secular
frequency to a linear mechanic oscillator, an equivalent potential - the so-called effective





The coordinate r is the radial distance from the quadrupole axis. The entry and exit
segments of the quadrupole are operated in the RF-only mode, i.e. with a = 0. Under
the assumption of an adiabatic ion motion, i.e. low values of the parameter q, the


















The middle quadrupole segment is operated as a mass filter, i.e. with a DC voltage
(a 6= 0). The polarity of the DC voltage is opposite for both directions resulting in
opposite signs of the parameter a. Compared with the RF-only mode, the values β are
lowered in one direction and increased in the other one; they reach 0 or 1, respectively
on the boundary of the stability region. Thus, the effective potential is not symmetrical,
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but deeper in one direction and flatter in the other one.
The influence of the effective potential on the transmission can be derived from the
measurements in fig. 3.1. The left-side boundary of the stability region corresponds to
β = 0, i.e. Φeff = 0, thus at this boundary, the ions are not confined at all. The higher
the distance from the boundary, the deeper is the effective potential and the stronger
is the ion confinement. Since the measured output current reaches the maximum value
already in the proximity of the above mentioned boundary, the system apparently does
not loose a significant amount of ions due to insufficient depth of the effective potential
in the mass-filtering segment. For the other two segments operated in RF-only mode,
the effective potential is estimated to be 80 eV< Φeff <125 eV for atomic nitrogen ions
assuming URF = 700 V. The radial distance is chosen to be in the range of 0.8 < r/r0 < 1,
because of deviations from the ideal electric field near the quadrupole rods. These values
for the effective potential can be compared to the space charge potential of the beam








where Ekin is the kinetic energy of the ions. This expression is derived when integrating
the space charge fields of a uniform and circular beam with the radius of the beam set
equal to the field radius [177]. For the given setup assuming atomic nitrogen ions with
a kinetic energy of 40 eV and a total ion current of 100µA the space charge potential
is Φbeam ∼= 40 eV. Therefore ion currents of up to 100µA can be transmitted by the
quadrupole segments in RF-only mode, since the space charge is compensated by the
quadrupole’s effective potential.
Space Charge in the Drift Region
To estimate the beam spread and the relevance of space charge for the ion beam after













is defined [177]. The value of the perveance describes the influence of the space charge
effects on the motion of the charged particles. Assuming a uniform ion current density
in the ion beam and cylindrical symmetry with the direction of motion as z-coordinate,
the equation of transverse motion for an ion at the beam boundary (distance renv from
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Since the ion current density distribution is known to be approximately Gaussian-shaped
from measurements and ion trajectory simulations (see fig. 3.5(c) and fig. 3.5(d), respec-
tively) this is expected to be a worst case estimate.

























ion kine�c energy in eV
(a)




























Figure 3.11: Calculated ion beam spread due to space charge effects for varying ion
kinetic energies and ion currents for atomic (a) and molecular (b) nitrogen ions.
Solving this equation numerically with drenv/dz(0) = 0 for e.g. atomic ions with
Ekin = 50 eV yields 1.24, 2.97 and 12.44 for the ratio renv(7.5 cm)/renv(0), assuming
total beam currents of 1µA, 10µA and 100µA, respectively. In fig. 3.11, the relative
beam spread shown is determined in the energy range of up to 100 eV for a variety
of ion beam currents and both prominent ion species. Accordingly, a significant beam
spread due to space charge effects for a typical ion beam used here can be expected for
ion currents in the order of 10µA or higher. This confirms the observation, where the
beam spread (for a typical beam current I ∼ 1µA) is attributed to the broad angular
distribution of the trajectories of ions being coupled out of the RF potential. In general,
the space charge induced beam spread is slightly higher for molecular nitrogen ions due
to their lower velocity at identical kinetic energy and doubled mass in comparison to
atomic nitrogen.
Continuing the assumption of an uniform ion current density distribution, the ex-
pected maximum ion current densities at the sample position can be determined for
varying currents at the start of the drift region (see fig. 3.12). Doing so yields an ap-
proximate maximum ion current density in dependence of the ion kinetic energy and
the ion current at the quadrupole exit, that are the maxima of the curves in fig. 3.12.
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Figure 3.12: Achievable ion current densities at the sample position as a function of
the ion kinetic energy and the total ion currents, at the exit of the quadrupole mass filter
system that is the start of the drift region, for atomic (a) and molecular (b) nitrogen
ions.
In fig. 3.13 these values are extracted for different ion energies and the corresponding
optimum exit current is annotated.
The relevance of space charge effects was evaluated for two regimes: the trapped ion
beam within the quadrupole mass filter, and the free ion beam in the region between
the quadrupole exit and the sample position. To estimate the order of magnitude at
which space charge limits the transmission of the quadrupole, the depth of the effective
potential of the quadrupole segments in RF-only mode is compared to the space charge
potential of the beam. It is found that the transmission will not be affected by space
charge, if ion currents are below ∼ 10µA. Moreover, from the sharp boundaries in
the ion current measurements shown above (fig. 3.1) it can be deduced, that in the
mass-filtering quadrupole segment ion currents of up to ∼ 4µA are confined in the
effective potential. The spread of the free ion beam is estimated for a distance of 7.5 cm,
as defined by the given experimental setup, based on the perveance of the beam. The
calculations show that only a slight broadening can be expected for ion beam currents in
the order of 1µA. For higher ion beam currents the beam broadening starts to become
significant.
The measured ion currents of up to ∼ 4µA therefore suggest that space charge does
not play a major role, neither for losses in the quadrupole nor for the observed beam
spread. Indeed the trajectory simulations show that coupling ions out of the RF poten-
tial can be sufficient to explain the observed beam spread. Based on these estimations,
the achievable ion currents could be further increased by optimizing the coupling of the
ion beam from the source into the quadrupole mass filter system.
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Figure 3.13: Maximum achievable ion current densities at the sample position as a
function of the ion kinetic energy for atomic (a) and molecular (b) nitrogen ions. The
annotated values correspond to the required exit currents of the quadrupole mass filter
system and therefore the maxima in fig. 3.12.
3.1.4 Conclusions
In this section, the custom-designed quadrupole mass filter system and its emitted ion
energy and mass selected ion beam is extensively characterized. It is demonstrated that
the mass filter is capable to achieve isotopic mass resolution, if necessary or desired.
Further, the achievable ion current densities (∼ 1µA/cm2) are sufficient to enable depo-
sition experiments at reasonable ion energy resolutions and deposition durations. The
observed ion current losses while passing the mass filter system are identified to pre-
dominantly originate in the coupling of ions into and out of the quadrupole mass filter.
Thus, space charge limitations of the mass filter system are not yet reached.
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3.2 Influence of the I/A Ratio and Ion Kinetic Energy
Following preliminary investigations that define the parameters of successful GaN syn-
thesis with the presented setup, a systematic study of the resulting thin films is per-
formed with respect to their topography, phase composition and crystalline quality. In
order to distinguish the individual influence of the nitrogen ion species, the presented
films are deposited under varied I/A ratios from 0.0625 (1:16) to 0.5 (1:2) for both N+2
and N+ assisted growth at two distinct ion kinetic energies, 40 eV and 80 eV. In the
following, the colon-notation is used to improve the readability. The chosen I/A ratios
are close to the empirically substantiated ideal flux ratio for GaN synthesis, that are ex-
trapolated for a substrate temperature of 700◦C to be approximately 0.042 [108]. While
not including the influence of energetic particle irradiation during thin film growth, this
value is derived only from the desorption rate ratio of the individual elements at a given
temperature. Based on the hypothesis proposed by Brice et al. [62], the lower ion kinetic
energy of 40 eV lies in the ideal energy window for nitrogen ion beam assisted GaN thin
film growth. The higher energy of 80 eV is chosen to allow for a comparison of thin
film quality achieved with different kinetic energies. In particular, thin films deposited
with N+2 assistance, since dissociation induced by the ion-surface collision yields the con-
sequent distribution of kinetic energy among the individual nitrogen atoms. Further,
kinetic energies of 80 eV are predicted to yield optimal conditions due to increased sur-
face diffusion and densification of the growing film [79, 80]. The content of this section
is also partially published in ref.[178].
The mass separated ion beam used to synthesize the films in this section is generated
by combining the custom quadrupole mass filter system with a Kaufman ion source. The
ion kinetic energy distributions and ion currents are measured at the sample position
using a Faraday-cup before and after the deposition. The energy resolution is typically
≤10 eV full width at half maximum (FWHM). The ion currents are monitored in situ
at the entry and exit grid of the quadrupole mass filter system. Typical ion current
deviations measured at the exit grid are below 5% over the duration of the depositions.
The chosen ion current densities at the sample position are determined to be 0.9 µA/cm2
and 1.2 µA/cm2 for both ion species at 40 eV and 80 eV, respectively. The difference
arises from limits in the extraction and transport of low energy ions due to space charge
effects as well as the efficient coupling in / out of the quadrupole mass filter. The
super-polished 6H-SiC(0001) substrates with 1×1 cm2 size are ultrasonically de-greased
in isopropyl alcohol, rinsed with deionized water and blown dry with nitrogen before
being transferred into the deposition chamber, where they are additionally out-gassed
at elevated temperatures. The Ga atom flux is supplied by a Knudsen effusion cell. The
depositions are carried out at a substrate temperature of 700◦C in ultra-high vacuum
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(base pressure ≤1×10−7 Pa, working (nitrogen) pressure ≤5×10−4 Pa) at a constant
deposition time of 5h. Reflection high-energy electron diffraction (RHEED) measure-
ments are performed in situ parallel to the 6H-SiC[112̄0] / w-GaN[112̄0] / z-GaN[11̄0]
directions with an acceleration voltage of 30 keV to observe the growth mode and to
determine the presence of the GaN phases (w-GaN and z-GaN). Note, that the infor-
mation is averaged over a significant sample area but limited to the surface volume of
the growing thin films. Ex situ, x-ray reflectivity (XRR) and atomic force microscopy
(AFM) measurements (in intermittent contact mode) are carried out to determine the
film thickness and topography. Further, x-ray diffraction (XRD) is applied to ascer-
tain the crystalline quality of the deposited films and (scanning) transmission electron
microscopy ((S)TEM) measurements are performed to characterize the film-substrate
interface and the local crystal structure. The XRD out-of-plane measurements utilize
Cu Kα1 radiation and feature a resolution limit in 2θ of 0.01(1)
◦. The in-plane rocking
curves and 2θχ/φ measurements have a resolution limit of 0.18(1)◦ and 0.32(2)◦, respec-
tively, and use Cu Kα radiation. In all cases, parallel beam geometry is utilized and the
information gained is collected from nearly the entire sample area.
3.2.1 Determination of the GaN Phase Composition
Due to the present epitaxial relationship, unambiguously distinguishing between the
z-GaN and w-GaN phase is challenging for thin films as discussed in this context, es-
pecially in the presence of 6H-SiC(0001) as a substrate. Out-of-plane measurements
are not capable to discern z-GaN(111) at 34.49◦ from w-GaN(0001) at 34.57◦ due to
their close proximity, film thickness induced reflection broadening and possible strain
induced reflection shifts. Traditionally, azimuthal φ-scans (equivalent to β-scans) are
performed for w-GaN(101̄1) at α = 61.95◦ and z-GaN(200) at α = 54.74◦ to evaluate the
GaN phase composition [67, 132, 179]. However, due to the predominant use of a x-ray
diffractometer that does not feature primary beam monochromator and the comparably
small film thicknesses in this context, this approach is expected to be not suitable. The
main implications from these restrictions would be the overlap of 6H-SiC reflections
with the GaN reflections and the low film thickness induced comparably low intensity
of out-of-plane reflections, respectively. Therefore, two approaches were tested for their
viability: (i) improving the measurement resolution to the point where substrate and
thin film reflections are clearly distinguishable, or (ii) identify other, preferably in-plane
reflections, that allow for the identification of the individual phases. In-plane reflections
would be preferred since they are expected to yield higher reflection intensities for thin
films and simultaneously provide a quantification of the crystal twist with respect to
the film surface normal, that is an additional measure associated with the crystalline
72 3 Results and Discussions


































































2θ i n  d e g
6 H - S i C
Figure 3.14: Calculated 2θ/ω-powder pattern for both GaN phases and 6H-SiC using
CaRIne Crystallography [180]. Since the GaN phases are difficult to distinguish based on
their out-of-plane reflections, reflections in the colored regions are probed to determine
the phase composition of grown thin films. They correspond to the coloring of the pole
density maxima in fig. 3.15.
quality.
In fig. 3.14 calculated 2θ/ω-powder pattern for both GaN phases and 6H-SiC are
provided. The colored regions correspond to regions of in-plane reflections of the GaN
phases (gray and orange) as well as crystal planes that are conventionally employed
to differentiate the GaN phases (pink and green). Their respective orientations with
respect to the sample surface normal are illustrated in fig. 3.15 while following the
previous color coding and considering the present epitaxial relationships. Upon an
initial assessment of their orientations, it is indeed conspicuous that the reflections not
parallel or perpendicular to the surface normal are distributed along a highly populated
arc spanned by the 6H-SiC(011̄m) planes.
Anticipating the trend of a predominant z-GaN phase in this context, a comparably
thick (∼70 nm) GaN film is exemplarily used to compare the approaches described above
and particular focus is directed to the detection of w-GaN inclusions. The measured
pole figures of interest are depicted in fig. 3.16 and fig. 3.17 for z-GaN and w-GaN,
respectively. While the observed pole density maxima positions are in reasonable agree-
ment with the calculated pole figures, additional - often remarkably intense - maxima
are distinguishable. In contrast, the w-GaN pole figures feature inconsistent intensi-
ties between different crystal plane families that are beyond the expected differences











































Figure 3.15: Calculated pole figures of w-GaN (a), z-GaN (b) and 6H-SiC (c) using
CaRIne Crystallography[180]. The coloring of the pole density maxima is inherited from
fig. 3.14 and extends the coloring to reflections that might contribute to measurements in
the respective 2θ-regions. As references the crystal planes parallel to the surface normal
and their equivalents are included. The empty circles in (b) correspond to maxima
introduced by 180◦ rotation twinning of the zinc blende crystal.
in relative reflection intensities based on the respective structure factors (see e.g. the
w-GaN(101̄1) and w-GaN(101̄2) pole density maxima in fig. 3.17(b) and fig. 3.17(c),
respectively).
Therefore, the w-GaN(101̄1) at α = 61.95◦ and z-GaN(200) at α = 54.74◦ are repre-
sentatively investigated in more detail. In fig. 3.18 the respective regions of interest are
extracted from pole figure measurements with increasing measurement resolution, by
decreasing the width of the divergence slit (DS), scattering slit (SS) and receiving slit
(RS) from the typically chosen 0.5 mm, 5 mm and 5 mm (see fig. 3.18(a) and fig. 3.18(c))
to 0.5 mm for all three of them (see fig. 3.18(b) and fig. 3.18(d)), respectively. Natu-
rally, this is accompanied by a significant loss of overall reflection intensity. However,
in both cases a split of the pole density maxima is visible, that is associated with the
thin film and substrate, respectively. The calculated positions of the GaN reflections
are indicated by the gray lines.
In order to further increase the separability of the thin film and substrate reflections,
the slit widths are reduced to 0.05 mm. Additionally, the parallel slit collimators are
replaced by ones with an acceptance angle of 0.5◦. The resulting high resolution maps of
exemplary pole density maxima are shown in fig. 3.19(a) and fig. 3.19(a). At these res-
olutions the GaN reflections are almost independently explorable, albeit at a significant
cost in intensity. The resulting β-scans at this resolution are depicted in fig. 3.19(c).
Indeed, the expected predominant presence of z-GaN over w-GaN is confirmed. The
cause of the presence of rather remote substrate crystal planes in the GaN pole figures
is explored by performing 2θ/ω-scans around the z-GaN(111) / w-GaN(0001) position
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Figure 3.16: Measured pole figures of the relevant z-GaN crystal plane families. The
radial (α) and azimuthal (β) angles are denoted in degrees and the intensities are in cps.
As optics, symmetric parallel slit collimators with an acceptance angle of 2.5◦ are used
on the incident and receiving side, respectively. Further, a 0.5 mm divergence slit (DS),
a 5 mm scattering slit (SS) and a 5 mm receiving slit (RS) are employed to condition
the beam. For the identification of the individual pole density maxima refer to fig. 3.15.
with the optics used during the pole figure measurements. Primarily due to the high
reflection intensities of the single crystal 6H-SiC substrate, contributions originating
in incoherent scattering yield a significant background that extends especially to lower
2θ-angles (see fig. 3.19(d)).
Alternatively, the in-plane reflections of z-GaN(220) and w-GaN(101̄0) are identified
to allow for the assessment of the phase compositions. In the following, the involved
steps of the adopted procedure is summarized:
(i) Initial φ scan at the 2θχ-positions of z-GaN(220) and w-GaN(101̄0) to determine
their in-plane orientation (see fig. 3.20). In the following steps, the indicated
directions (annoated with a star) are chosen for the detailed investigations to
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Figure 3.17: Measured pole figures of the relevant w-GaN crystal plane families. The
angle definitions, units and optics are identical to fig. 3.16. Note the linear color bar in
(c). For the identification of the individual pole density maxima refer to the measure-
ments shown in fig. 3.15.
avoid uncertainties in the comparison due to sample size effects. The incident (ω)
and receiving (2θ) angles are typically set to 1◦ at this time but may be reduced to
increase the surface sensitivity for thinner films. The optics consist at this point of
symmetric parallel slit collimators (2.5◦) and 1 mm, 5 mm, 5 mm wide divergence
slit (DS), scattering slit (SS) and receiving slit (RS), respectively.
(ii) ω and 2θ are scanned to find the optimal incident and receiving angles to yield
maximum reflection intensities. Under assumption of a not perfect alignment of
the sample the angles might not be always symmetric (typical offsets are well
below < 0.1◦). Exemplary scans for both GaN phases are shown in figs. 3.21(a)
to 3.21(b). Note, that the width of especially the ω scans is an indicator for the
alignment quality of the crystal planes.
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Figure 3.18: Detailed measurement of the regions of interest in pole figures around
z-GaN(200) at α = 54.74◦ (a,b) and w-GaN(101̄1) at α = 61.95◦ (c,d) with increasing
angular resolution. The resolution is adjusted by reducing the width of the DS, SS and
RS from the typically chosen 0.5 mm, 5 mm and 5 mm (a,c) to 0.5 mm for all three of
them (b,d), respectively.
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Figure 3.19: High resolution measurements of an exemplary pole density maximum
for z-GaN(200) at α = 54.74◦ (a) and w-GaN(101̄1) at α = 61.95◦ (b). The sufficient
separation of the thin film and substrate maxima enables the quantification of the GaN
phase composition. As such, β-scans at the respective GaN positions are performed in
(c). In (d) 2θ/ω-scans around the z-GaN(111)/w-GaN(0001) position identify the origin
of the presence of substrate pole density maxima from remote crystal planes.
(iii) Additional low resolution 2θχ/φ- and φ-scans are performed to account for possible
in-plane strain or non-ideally determined in-plane alignment of the crystal planes
(see figs. 3.21(c) to 3.21(f)). The optics are as described in (ii).
(iv) Finally, the measurements in (iii) are repeated with narrower parallel slit collima-
tors (0.5◦) to allow for the distinctiveness between z-GaN(220) and 6H-SiC(21̄1̄0)
while assuring the comparability of the respective reflection intensities.
Similar to the equivalent out-of-plane measurements, the 2θχ/φ- and φ-scans include
additional information about the average in-plane crystal size and the alignment of the
crystallites. Further, due to the increased surface sensitivity of in-plane measurements,
this approach yields sufficient intensity even at low film thicknesses in the order of a few
1 nm to a few 10 nm, as commonly observed in this context.
However, it should be noted, that while the w-GaN(101̄0) reflection is not affected
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by neighboring reflections of other GaN phases, the z-GaN(220) reflection may also
contain intensity originating from the w-GaN(21̄1̄0) reflection. However, the intensity
of the latter can be derived from the intensity of the w-GaN(101̄0) reflection and the
ratio of the relative reflection intensities of the involved crystal planes can therefore be
determined. For details on the derivation of relative intensities see e.g. Jenkins and
Snyder [181]. Corrections due to the experimental setup are considered by additional
measurements of commercial substrates with phase pure w-GaN films.
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Figure 3.20: Initial in-plane φ-scans for z-GaN(220) and w-GaN(101̄0) at ω = 2θ = 1◦
after the automatic alignment procedure of the XRD diffractometer. Note, that the
initial incident and exiting angles are conservative and may be reduced in case of small
intensities. The following measurements in fig. 3.21 are performed at the directions
indicated with a star, respectively.
Concluding, while both approaches yield comparable results with regards to the crys-
tal phase composition, the in-plane measurements provide additionally required infor-
mation about the quality and size of the crystallites. Further, they offer higher reflection
intensities, due to the nature of the diffraction geometry, which are vital at the thin film
thicknesses discussed in the context of this work.
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Figure 3.21: (a,b) Optimization of the incident and receiving angles ω and 2θ, respec-
tively, to account for possible, minor sample tilt and assuring the maximum thin film
sensitivity. (c-f) 2θχ/φ- and φ-scans of the annotated crystal planes with coarse (2.5◦)
and fine (0.5◦) parallel slit collimators.
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3.2.2 Film Topography and Growth Mode
The film thicknesses are determined using XRR and AFM measurements. In the latter
case the height information is gained by measuring the topography in an area of 2×2µm2
in the sample center. Subsequently the height distribution is extracted and fitted. The
center of the dominant contribution to the height distribution is then regarded as film
thickness. Therefore, the film thicknesses determined by AFM are highly localized, while
the thicknesses by XRR are averaged over a wide area of the sample. Nevertheless, based
on the degree of coalescence and the surface roughness, both approaches beneficially
complement each other.
In general, the film thickness linearly decreases with decreasing Ga arrival rate (see
fig. 3.22). This trend shows that GaN growth using molecular nitrogen ions is limited by
the Ga supply even at lower I/A ratios. However, GaN films produced with assistance of
atomic nitrogen ions are N-limited for decreasing I/A ratios and hence do not increase
in thickness below a ratio of 1:4. Consequently, the impact-induced dissociation of N+2 is
efficient yielding an approximately doubled maximum film thickness compared to thin
films using N+ assistance. The expected film thicknesses can be calculated based on
the N flux reaching the sample for ideal films without voids or columnar structures.
Using a monolayer (ML) thickness of c/2 = 0.25625 nm and a N atom lattice density
of 1.14 × 1015 at./cm2ML, the expected film thicknesses for N+ assistance are ≈ 30 nm
and ≈ 22 nm at the current densities available at ion kinetic energies of 80 eV and
40 eV, respectively. For the use of N+2 the expected film thicknesses are to be doubled.
Taking into account the topography discussed in the following, it becomes evident that
the incorporation probability for deposited N tends towards unity for lower I/A ratios.
This is attributed to the high Ga supply that provides opportunities for the formation
of GaN. If the provided Ga flux would be completely incorporated, the expected film
thicknesses would be up to ≈ 470 nm.
Film topography and growth modes at the end of the deposition, in dependence on the
I/A ratio for both ion kinetic energies and assisting ion species, are compiled by AFM
measurements and RHEED patterns (insets) in fig. 3.23. Additionally, the respective
height profiles are indicated right to the color bars and their upper limit is indicated
in nm. All color bars start at 0 nm. Information of the lowest I/A ratio (1:16) at
ion kinetic energies of 80 eV are not included, as under these conditions a significant
formation of Ga droplets could be observed.
Fundamentally, the extensively attested trend towards w-GaN formation in three-
dimensional (3D) growth mode at higher I/A ratios can be distinguished based on the
RHEED patterns showing spot-like intensity distributions [67, 129]. For ion kinetic
energies of 80 eV significant diffusing of the RHEED reflection pattern is observed, es-
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Figure 3.22: Average thin film thicknesses of the discussed films determined by XRR
(a) and AFM height profile fitting (b). While the films deposited using molecular
nitrogen ions show a linear increase in film thickness with an increase in the Ga supply,
films deposited with atomic nitrogen assistance are N limited for lower I/A ratios. The
slightly increased film thicknesses for the higher ion kinetic energy can be accounted for
by the use of a slightly higher ion current density, as discussed in the text. The dashed
lines are indicated as guides for the eye.
pecially for the use of atomic nitrogen ions. This indicates reduced crystalline quality
with regards to crystallite alignment both in- and out-of-plane. However, while the
RHEED patterns indicate the evolution towards twinned z-GaN in local two-dimensional
(2D) growth mode with partial 3D island contributions for reduced I/A ratios using
N+2 (80 eV), atomic nitrogen ion assisted growth yielded exclusively 3D-growth of w-
GaN. At ion kinetic energies of 40 eV the transition from 3D to 2D growth is discernible
for both ion species. However, based on the RHEED patterns the 3D island component
during mixed 2D/3D growth is more distinct for atomic nitrogen ions. The film pro-
duced with N+2 (40 eV) at an I/A ratio of 1:4 is noticeable for its apparent mixture of
both GaN phases and only partially developed columnar topography of increased height
that is otherwise similar to films of higher I/A ratio.
The trend of a more pronounced 3D topography with atomic nitrogen ion assistance
can also be distinguished from the corresponding AFM measurements. Especially for
lower I/A ratios the height distributions of individual crystallites are significantly nar-
rower for films deposited using molecular nitrogen ion assistance. While a lateral increase
of the discernable crystallite expansion could be partially attributed to an increased film
thickness and hence further progress of coalescence, a narrowing of the height distribu-
tion is not expected without a change in the growth mode as thin film roughness typically
increases with increasing film thickness [182–184]. For N+(40 eV) the general trend of a
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Figure 3.23: Topography and height distributions of the deposited GaN films as ob-
tained by AFM. The color bars and histograms originate at zero and have the indicated
z values as maximum in nanometer. AFM scan size is 2×2µm2. The insets depict the
corresponding in situ RHEED patterns at the end of the depositions. The indices of the
diffraction pattern can be derived from fig. 3.27(f,g). Note, that the RHEED patterns
represent a significant area of the sample area and hence include both possible twins of
the zinc blende GaN phase. Therefore, its diffractions pattern (fig. 3.27(g)) needs to be
superimposed with itself after horizontal mirroring.
decreased lateral extent and an increase in the number of discernable crystallites can be
particularly clearly distinguished for increasing I/A ratios. It is expected that the excess
energy input of nitrogen ions in relation to the actual grown volume is responsible for
an increase in the area density of nuclei. This trend is also observed for e.g. ion beam
assisted deposition of homoepitaxial Pt(111) thin films by Esch et al. [185].
3.2.3 Crystal Structure and Orientation
The above observations are confirmed by XRD measurements. In fig. 3.24(a) exem-
plary 2θ/ω and rocking curve measurements (for N+2 (40 eV) at varying I/A ratios) are
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Figure 3.24: (a) Exemplary symmetric 2θ/ω measurements (left) and the respective
thin film rocking curves (right) are shown for varying I/A ratios using N+2 (40 eV). The
narrow and intense reflection in the 2θ/ω-measurements is the 6H-SiC(0006) substrate
reflection. (b) Out-of-plane rocking curve FWHM evolution for varying I/A ratios
of the reflections annotated in (a). (c) Area ratios of the out-of-plane rocking curve
contributions for varying I/A ratios of the reflections annotated in (a).
shown. The positions of z-GaN(111) and w-GaN(0002) reflections are indicated in the
2θ/ω measurement. Due to limited film thicknesses and resulting reflection broadening,
the crystalline phase of GaN is difficult to identify from the reflection positions. The
rocking curves are identified to be the superposition of two components, a narrow and
a wide contribution. Their FWHMs and area ratios are depicted in fig. 3.24(b) and
fig. 3.24(c), respectively. Such contributions are often attributed to a resolution limited
long-range as well as a broader short-range order in mosaic thin films that correlate with
film thickness and the presence of distinct defects such as anti-domain boundaries and a
specific threading dislocation geometry in growth direction [186–188]. In this case, two
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trends can be distinguished from the symmetric rocking curve contributions. First, a
divergent behavior for the FWHMs towards higher I/A ratios under higher ion energy
assistance (orange markers). Second, a consistent evolution for lower ion kinetic energies
(blue markers) is observed. In the latter case, a distinct minimum of both contributions
can be identified for atomic nitrogen ion assistance at an I/A ratio of about 1:4. Al-
though not as prominent, a similar minimum can be recognized for molecular nitrogen
ion assistance, that is shifted to lower I/A ratios (about 1:8). This is expected to be
originating in the ratio of available nitrogen and gallium atoms after the dissociation of
the molecular ions that is approximately twice the I/A ratio.
The area ratios of the narrow and wide contributions of the rocking curves trend
towards a less dominant narrow component with increasing I/A ratio. However, this
trend is significantly less pronounced for the samples deposited at lower ion kinetic
energy assistance that previously demonstrated a generally increased crystalline quality































Figure 3.25: Exemplary rocking curve evolution towards higher reflection orders for
the use of N+2 (40 eV) at an I/A ratio of 1:8. The annotated values are the respective
FWHMs of the individual contributions.
An exemplary out-of-plane symmetric rocking curve FWHM evolution towards higher
reflection orders is shown in fig. 3.25 for N+2 (40 eV, I/A = 1:8). It demonstrates the
throughout presence of both contributions with consistently increasing FWHMs towards
higher orders. This indicates that the origin of the narrow component can indeed be
associated with the crystalline quality of the thin films. In contrast, Bläsing et al. [186]
observed the narrow components vanishing and inconsistent broadening of the rocking
curves towards higher orders since their origin lies in a high edge-type dislocation density
of mosaic films. Additionally, identical measurements are performed of a bare 6H-SiC
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Figure 3.26: (a) In-plane reflection center position extracted from the 2θχ/φ-scans.
The dashed lines indicate the literature positions of relaxed w-GaN(101̄0) (blue, top)
and z-GaN(220) (orange, bottom) as well as w-GaN(21̄1̄0) (blue, bottom), respectively.
(b) FWHMs of the annotated in-plane reflections that correlate to the average in-plane
crystallite size. (c) In-plane rocking curve FWHMs that are a measure of the crystallite
twist distribution around the surface normal of the films.
substrate to further validate the exclusion of contributions from the substrate.
Analogously, in-plane 2θχ/φ- and φ-scans are measured for the reflections of w-
GaN(101̄0) and z-GaN(220). Their reflection center positions and FWHMs are extracted
from the 2θχ/φ-scans and illustrated in fig. 3.26(a) and fig. 3.26(b), respectively. The
shifted reflection positions towards lower angles are an indication of tensile strain acting
parallel to the film surface normal, that is commonly observed in GaN thin films on SiC
and may lead to cracks in the films, especially during the cooling period after the deposi-
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tion. In order to avoid this, different approaches are being employed, like e.g. patterned
SiC substrates, AlN buffer, GaN / AlN multibuffer layer and SiNx interlayer [189]. Here
however, significant changes to the in-plane strain components are indicated based on
the detailed deposition parameters, especially at the higher ion kinetic energy. Albeit
the discussed thin films did not fully coalesce in all cases and the strain components are
not further quantitatively explored, this trend is analogous to investigations performed
by Keckes et al. [190] on comparably deposited GaN thin films at significantly higher film
thicknesses, though not with a mass filtered ion beam and on sapphire substrates. Nev-
ertheless, the general capability of strain formation or reduction is commonly observed
during PVD processes that involve an energetic flux [191].
The FWHMs in fig. 3.26(b) attest generally increasing in-plane crystallite sizes with
decreasing I/A ratio that agree well with the AFM measurements discussed above. The
FWHMs of the in-plane rocking curves are plotted in fig. 3.26(c). The curves consist only
of a single discernable component associated with the crystal twist. Their FWHM trends
are consistent with the wider contribution of the out-of-plane rocking curves. However,
the smallest in-plane rocking curve FWHMs are achieved for N+2 (80 eV) assistance at
lower I/A ratio. Further, the average crystallite twist of both phases behaves similar,
although the z-GaN crystallites tend to exhibit a slightly narrower twist distribution.
As mentioned above, the z-GaN(220) reflection may also contain intensity contribu-
tions originating from the w-GaN(21̄1̄0) reflection. However, the intensity of the latter
can be derived from the intensity of the unambiguous w-GaN(101̄0) reflection intensity.
The resulting value for exclusive w-GaN presence is indicated by the blue dashed hori-
zontal line in fig. 3.27(a). Here, this relationship is used to evaluate the phase ratio of
the presented thin films by comparing the area ratios of w-GaN(101̄0) and z-GaN(220)
in in-plane 2θχ/φ measurements, similar to the approach of Herres et al. [179] but with
significantly increased thin film sensitivity due to the selection of in-plane reflections.
Based on the depicted ratios, a clear trend towards the w-GaN phase is observed for all
ion species and ion kinetic energy combinations with increasing I/A ratios. Nonetheless,
with decreased I/A ratios w-GaN remains the dominant phase for N+(80 eV) assisted
growth, while the use of molecular nitrogen ions even at higher kinetic energy allows for
significant z-GaN formation. In case of lower ion kinetic energies (40 eV), assistance of
both ion species resulted in the preferred growth of z-GaN with decreasing I/A ratios.
The single exception being the previously discussed sample type which already demon-
strated a mixture of both phases based on the RHEED pattern (N+2 (40 eV, I/A=1:4)).
However, since the thin films do not consist of a single crystal, the reflection area of
2θχ/φ scans does not account for likely differences in the crystallite twist distribution
or defect induced reflection broadening in the φ direction. Therefore, ideally in-plane























Figure 3.27: (a) w-GaN/z-GaN phase composition ratio based on the in-plane 2θχ/φ
measurements of w-GaN(101̄0) and z-GaN(220). Due to the w-GaN(21̄1̄0) reflection
being close to the z-GaN reflection, a fixed ratio determined from the intensity of w-
GaN(101̄0) and the relative reflection intensities are used to describe the wurtzite case.
This value is indicated by the horizontal blue dashed line. (b,c) Exemplary average
background subtracted TEM measurements along w-GaN/6H-SiC[21̄1̄0] and z-GaN[11̄0]
of the samples indicated in (a) revealing the existence of a thin, discontinuous w-GaN
transition layer between the substrate and the z-GaN layer. Areas of significant w-GaN
content are indicated as such. The GaN films feature average film thicknesses of 26 nm
and 45 nm, respectively. In (d,e) the calculated FFTs of the unfiltered TEM images in
(b,c) are depicted and in (f,g) indexed using simulated patterns of w-GaN and z-GaN,
respectively. Note, that the intermediate pattern in (e) is associated with the substrate.
reciprocal lattice maps would have to be measured. Due to the elaborate nature of
these kind of measurements, the reflection area ratios are compared as well to gauge
the possible impact of the afore mentioned phenomena (see fig. 3.28). In general, the
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ratios correlate well with the previously discussed ones. Thus, it can be concluded
that the prior approach is an adequate estimate of the phase ratio within measurement
uncertainties.
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Figure 3.28: Additional w-GaN/z-GaN phase composition ratio based on the in-plane
φ measurements of w-GaN(101̄0) and z-GaN(220), that are further considering possible
differences in the in-plane alignment and defect induced line broadening.
Exemplary TEM measurements in fig. 3.27(b) (N+(80 eV, I/A=1:4) and (c) (N+2 (80 eV,
I/A=1:4) reveal the reason for residual w-GaN phase content, as primarily a w-GaN layer
of varying thickness and increased disorder (in comparison to the GaN above) that in-
terfaces between the substrate and the then following z-GaN film and acts as a naturally
forming transient layer. The thickness of this layer is not uniform and occasionally hard
to quantify for very thin extensions. However, this is expected as the presented thin
films are grown at comparably low temperatures and even the ballistically increased
mobility is not yielding step flow growth - in the presented stage of the thin film growth
- that would be expected to yield a higher degree of homogeneity for lateral thin film
features. Hence, the broad out-of-plane rocking curve components are associated with
this layer and the narrow contribution is indeed expected to originate from a highly
ordered z-GaN phase and w-GaN inclusions. The latter are observed to be introduced
by lattice defects, similar to those observed by Yang et al. [192]. Therefore, the final
z-GaN phase purity is primarily determined by the thickness of the w-GaN interface
layer - once z-GaN is stabilized and phase transition inducing crystal defects are pre-
vented. Calculated FFTs of the exemplary TEM images are provided in fig. 3.27(d,e)
and simulated patterns of w-GaN and z-GaN are shown in fig. 3.27(f,g), respectively.
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3.2.4 Microstructure at the Interface
In order to further investigate the microstructure at the substrate interface and potential
phase boundaries, (S)TEM measurements of the films deposited at an I/A ratio of 1:4
are presented. Since the film deposited under N+2 (40 eV) assistance features a peculiar
topography and phase composition, the sample deposited under N+2 (40 eV) assistance
at an I/A ratio of 1:8 is additionally included in the comparison. Overview cross-
sectional TEM images are shown in fig. 3.29 and generally agree well with the columnar
topography determined by the AFM measurements discussed above.
(a)
(b)
Figure 3.29: (a) Overview TEM images of the films deposited at an I/A ratio of 1:4
for varying ion kinetic energies and ion species. The scale bar is valid for all images and
the total width of all images is 1µm, respectively. (b) Additionally prepared overview
image of the sample deposited using N+2 (40 eV) at an I/A ratio of 1:8.
In the following, the thin film morphologies are discussed in order of appearance
of fig. 3.29. Note, that the (S)TEM images in this section are all processed using a
Wiener filter in combination with average background subtraction [193] and subsequent
histogram normalization [194] in order to improve their readability. The provided fast
Fourier transforms (FFT) are always of the unprocessed images and regions, respectively.
As observed above, the films deposited using N+(80 eV) predominantly feature w-
GaN and are aligned with tilt and twist angle distributions of the order of 1◦. This
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Figure 3.30: TEM image of the film deposited with N+(80 eV) assistance at I/A=1:4.
Additionally, the FFT of the entire observed area is provided and annotated with ’all’.
Its scale bar is valid for the other local FFTs, whose locations in the TEM image are
annotated accordingly. For reference, orange lines are depicted to highlight the tilt with
respect to [0001], that is in agreement with the previously shown out-of-plane rocking
curve FWHM.
is also apparent from the TEM image depicted in fig. 3.30 and its local FFTs. The
latter demonstrate clockwise rotation of the w-GaN intensity maxima from the left to
the right (fields 1-4). Possible quasi-amorphous intensity contributions are attributed
to redeposited Pt on the lamella during thinning. These are especially well resolved in
the FFT of the entire image - annotated as ’all’ - in shape of a continuous ring. As
reference, a local FFT of the substrate is included.
Next, the film deposited using N+2 (80 eV) is discussed. From the XRD and RHEED
measurements it is expected that it features a significant z-GaN content with some
remaining wurtzite components and in general, a significantly higher alignment of the
crystallites based on the XRD rocking curves. This is indeed observed in fig. 3.31(a)
with a well defined substrate interface and z-GaN alignment without apparent crystallite
tilts. Upon further inspection of the substrate interface (see fig. 3.31(b)), it is apparent
that the transition from the wurtzite phase to the zinc blende phase is here accompanied
by horizontally neighboring twin boundaries of present z-GaN in growth direction and
stacking faults in the lateral direction. Additionally, as depicted in fig. 3.31(c), the film




Figure 3.31: HAADF-STEM images of the film deposited with N+2 (80 eV) assistance
at I/A=1:4. (a) Transition region from the substrate to highly oriented z-GaN and the
corresponding FFT (inset). After an initial w-GaN interfacial layer, z-GaN is formed,
typically featuring a series of twin boundaries (TB) before settling on an orientation
if not otherwise disturbed. (b) Transition region with a further pronounced w-GaN
layer, that is embedded by stacking faults (SF) and twin boundaries. The dashed lines
are guides for the eye for the phase boundaries. (c) Typical surface morphology of the
z-GaN crystallites with covering Pt that originates from the TEM lamella preparation.
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surface is observed to feature a well defined edge, which further underlines the concluded
two-dimensional growth mode on individual grains as observed by RHEED and AFM.
Figure 3.32: TEM-image of a typical w-GaN inclusion with increased film thickness and
local FFTs of the annotated regions. The film is deposited using N+2 (80 eV) assistance at
I/A=1:4. The annotated FFTs are associated with (1) z-GaN, (2) predominant w-GaN,
(3,4) z-GaN twin with respect to (1).
Besides the wurtzite interface layer, w-GaN is occasionally observed in inclusions
that are expected to originate either from coalescing domains or lattice imperfections
introduced during the growth as shown in fig. 3.32. It can be identified that the enclosing
z-GaN phase domains are twinned to either side of the inclusion. On the right side of
the inclusion a superposition of both phase domains can be identified. Additionally, the
present stacking fault and twin boundary are observed to be at an angle of about 70.5◦
that is associated with the angle between the equivalents of z-GaN(111) planes. The
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epitaxial relationship of the wurtzite inclusions in z-GaN is determined to be
z-GaN(111)||w-GaN(0002) and z-GaN[11̄0]||w-GaN[112̄0]. (3.8)
This is in agreement with previous observations by e.g. Suandon et al. [195] and is for
example actively employed to achieve the formation of zinc blende GaN structures on
Si(100) via selective area epitaxy [196].
(a) (b)
Figure 3.33: TEM (a) and HAADF-STEM image (b) of the film deposited with
N+(40 eV) assistance. In (a), considerable Pt is redeposited on the lamella, such that
quasi-amorphous components are superimposed with the film and substrate. This man-
ifests to an additional ring in the FFT provided in the inset. In (b), a magnified view
of the interface region is presented after further thinning of the lamella.
The film deposited using N+(40 eV) is similar to the previously discussed one, but
features significantly less wurtzite inclusions, as shown in fig. 3.33. The apparent twin
boundary in growth direction visible in fig. 3.33(b) is again accompanied by an in-plane
stacking fault. The remaining w-GaN phase content is localized near the substrate
surface, that features a series of stacking faults (SF) and twin boundaries (TB). Note
that especially in regions of high twin boundary densities, the zinc blende and wurtzite
GaN phases are challenging to differentiate due to their intrinsic similarity.
In the case of N+2 (40 eV), the film exhibited a significant w-GaN content and the
topography was an irregular blend of larger plateaus and 3D crystallites typically ob-
served at higher I/A ratios. Besides a wurtzite interface layer similar to the previously
discussed ones, three distinct variants predominantly describe the film microstructure
and phase composition:
• A wurtzite inferface layer followed by z-GaN (see fig. 3.34(a)). The w-GaN surface
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(a) (b)
(c)
Figure 3.34: HAADF-STEM images of the film deposited using N+2 (40 eV) assistance
at I/A=1:4. While the film features indeed a high crystalline quality, it noticeably
grew three-dimensionally (3D). As such, different scenarios for the developed GaN mi-
crostructure are observable: (a) a wurtzite interface layer with subsequent zinc blende
structure after intermittent twinning, (b) a comparably extensive, closed w-GaN layer
that transitions to zinc blende while expanding in an apparent 3D-growth front, and
(c) similar to (b) but with a transition back to w-GaN.
is expected to be formed by reorganization of the residual, not fully incorporated
material after the deposition and hence stabilizing ion irradiation ended.
• A comparably extensive, closed w-GaN layer that transitions to zinc blende while
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expanding in an apparent 3D growth front as depicted in fig. 3.34(b).
• After the transition to a 3D growth front comparable to the previous variant, the
z-GaN phase transitions back to w-GaN.
Due to the unconventional topography and phase composition of the previous film, the
microstructure of the film deposited using N+2 (40 eV) at an I/A ratio of 1:8 is additionally
explored. As shown in fig. 3.35 the phase composition is strongly dominated by z-GaN.
The w-GaN interface is still present albeit even further limited in thickness. Moreover,
minor w-GaN inclusions might be present at the stacking faults as shown in fig. 3.35(b).
The in-plane stacking faults appear to be consisting of two neighboring stacking faults
each, effectively twinning twice, which yields the original orientation of the z-GaN. While
this represents a unit cell of quasi-w-GaN, it might be an indication for the cause or
a side effect of the particular high z-GaN stability. This is in opposition to previous
growth studies, where the meta-stable z-GaN phase typically was not able to prevail
consistently for film thicknesses above ∼ 20 nm.
Figure 3.35: Highly resolved TEM images and their respective FFTs of the film de-
posited using N+2 (40 eV) assistance at an I/A ratio of 1:8 demonstrating extensive z-GaN
formation after a limited w-GaN transition layer (a) and comparably extensive forma-
tion of stacking faults in a z-GaN domain that are occasionally accompanied by a highly
localized AB-stacking comparable to the wurtzite phase (b).
It is expected that the presence and extent of the transition layer is determined by
the concurrent supply of N and Ga during the beginning of the deposition. It has
both experimentally and theoretically been observed, that surplus Ga forms up to a
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few meta-stable monolayers at the growth front during (plasma-assisted) MBE at lower
temperatures before droplets form [122, 197–200]. These monolayers would additionally
protect the forming crystal from damage induced by the ion irradiation and is predicted
to create additional diffusion channels at the surface [87]. Depending on the precise
Ga flux, the N/Ga arrival ratio and respective desorption rates the time required to
provide enough surplus Ga to form such layers is in the order of a few minutes, here.
The duration increases with increased I/A ratios.
3.2.5 Conclusions
Ion energy and mass filtered hyperthermal nitrogen ion species were used to investigate
the influence of atomic and molecular nitrogen ion species independently of each other
during IBA-MBE of GaN thin films on 6H-SiC substrates. In this study, the I/A ratio
is varied and the resulting thin films are compared for two distinct ion kinetic energies
(40 eV and 80 eV). The resulting thin films are found to differ in thickness, topogra-
phy, crystalline quality, phase composition and morphology. The film thicknesses were
compared for different I/A ratios to identify whether the respective growth is gallium
or nitrogen supply limited. As such, nitrogen supply limits were observed for the use
of N+ at I/A ratios below 0.25. Therefore, N+2 assistance enabled higher growth rates
due to its efficient dissociation and incorporation. For the lower ion kinetic energy, the
highest crystalline qualities are found at comparable N/Ga arrival ratios, accounting for
the dissociation of molecular nitrogen ions. However, films deposited with N+2 assistance
demonstrate a narrower height distribution, indicating a more pronounced 2D nature
of the growth. At the higher ion kinetic energy N+ is identified to be the dominant
cause of deteriorating crystalline quality of the GaN thin films for the typical use of a
mixed ion species flux. Additionally, the achievement of a comparably high crystalline
quality during the N+2 assisted growth at kinetic energies of 80 eV motivates efforts of a
precise control of the involved ion species during thin film growth, as higher ion kinetic
energies typically result in a more efficient ion extraction and higher transport limits
that are otherwise introduced by space charge effects in the ion source and during the
subsequent transport. This in turn yield the benefit of higher achievable growth rates.
The deposited thin films feature increasing w-GaN phase contents with increasing N/Ga
ratio and in case of a significant ion induced damage as is observed during the utilization
of N+ assistance at an ion kinetic energy of 80 eV. Moreover, the observed variability of
the GaN phase composition from almost purely wurtzite to almost purely zinc blende
establishes possible conditions to explore e.g. alternating w-/ z-GaN multilayer thin
films, that were not realized before in a controlled fashion.
Since the deposition time is kept constant for the above discussed thin films, changes
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in e.g. crystalline quality and topography are not completely independent of the film
thickness. While this explicitly does not diminish the results of this section, the indi-
vidual evolution with time of the thin films might provide insights in the origin of the
observed differences.
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3.3 Impact of the Ion Species on Growth Instabilities
In the previous section, it was determined that the thin films deposited at Ga-rich I/A
ratios and an ion kinetic energy of 40 eV predominantly feature the zinc blende GaN
phase at high crystalline qualities for the use of both atomic and molecular nitrogen
ions. While this is in agreement with the predictions of an optimal energy window by
Brice et al. [62] that is based on the spatial limitation of displacements to occur only
in the surface of the growing thin film, the films differed in surface topography showing
a more pronounced 3D growth front for the use of atomic nitrogen ions. The origin of
this behavior could not be discerned unambiguously as the films were investigated at an
- in this context - advanced progress of the crystallite formation. Although this allowed
the comparison of metrics like e.g. the achievable growth rates, which are of interest for
possible applications, the lasting development of the growth front is expected to take
place during the very beginning of the nucleation and coincide with the establishment
of the zinc blende GaN phase.
Therefore, in the following study, GaN thin films are deposited on 6H-SiC(0001)
using either atomic or molecule nitrogen ion assistance at an ion kinetic energy of 40 eV
at an I/A ratio of 0.1 with increasing deposition times of 30, 45, 90 and 300 min in
order to provide an insight into the formation of the previously observed interface layer
and the resulting transition towards the meta-stable zinc blende phase as well as the
development of the growth front across individual domains. The deposition times are
selected based on the evolution of previous RHEED patterns, that demonstrated only
minor changes after 90 min. Additionally, films are deposited using N+2 at an I/A ratio
of 0.05 (Ekin =40 eV) and at an ion kinetic energy of 80 eV (I/A=0.1) to probe possible
influences of the nitrogen availability and kinetic aspects induced by the ion kinetic
energy, respectively.
The mass separated ion beam used to synthesize the films in this section is generated
by combining the custom quadrupole mass filter system with a Kaufman ion source. The
ion kinetic energy distributions and ion currents are measured at the sample position
using a Faraday-cup before and after the deposition. The energy resolution is typically
≤10 eV full width at half maximum (FWHM). The ion currents are monitored in situ
at high-transparency entry and exit grids of the quadrupole mass filter system. Typical
ion current deviations measured at the exit grid are below 5% over the duration of the
depositions. All depositions were carried out at a constant atomic Ga flux of 5.5 ×
1013 at/cm2s that is provided by a Knudsen effusion cell. The supplied ion current
densities were 0.45µA/cm2 for the films deposited using N+2 (40 eV, 0.05) and 0.9µA/cm
2
otherwise. Both material fluxes feature opposing incidence angles of 16◦ with respect to
the surface normal.
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(a) (b)
Figure 3.36: Ex vacuo AFM measurements of a bare 6H-SiC substrate after out-gassing
at 700◦C. The scan sizes are 2×2µm2 (a) and 20×20µm2 (b).
The super-polished 6H-SiC(0001) substrates with 1×1 cm2 size are ultrasonically de-
greased in isopropyl alcohol, rinsed with deionized water and blown dry with nitrogen
before being transferred into the deposition chamber, where they are additionally out-
gassed at an elevated temperature. The resulting substrate surface topography is de-
termined by ex vacuo AFM measurements as depicted in fig. 3.36. Note, that between
individual substrates the step width varies based on the respective miscut, that is < 1◦
according to the supplier. Nonetheless, typical step width of a few 100 nm are beyond
separations that would introduce step flow growth at the present deposition temperature.
The depositions are carried out at a substrate temperature of 700◦C in ultra-high vacuum
(base pressure ≤1×10−7 Pa, working (nitrogen) pressure ≤5×10−4 Pa). The substrate
temperature corresponds to a homologous temperature of 0.35 for GaN, which is ex-
pected to yield columnar growth with limited thermally induced surface diffusion [201].
Further, at this substrate temperature the lattice misfits are 3.59% and 3.53% for the
wurtzite and zinc blende GaN phase, respectively.
Reflection high-energy electron diffraction (RHEED) measurements are performed in
situ parallel to the 6H-SiC[112̄0]/w-GaN[112̄0]/z-GaN[11̄0] directions with an accelera-
tion voltage of 30 kV to observe the growth mode and to determine the presence of the
GaN phases (w-GaN and z-GaN). Note, that the information is averaged over a signifi-
cant sample area but limited to the volume near the surface of the growing thin films.
Ex situ, x-ray reflectivity (XRR) and atomic force microscopy (AFM) measurements (in
intermittent contact mode) are carried out to determine the thin film topography. The
utilized AFM tips feature nominal and maximum tip radii of 7 nm and 10 nm, respec-
tively. Further, in-plane x-ray diffraction (XRD) is applied to ascertain the crystalline
quality of the deposited films. The in-plane rocking curves and 2θχ/φ measurements
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have an angular resolution limit of 0.18(1)◦ and 0.32(2)◦, respectively. In all cases,
parallel beam geometry is utilized with primarily Cu Kα radiation and the information
gained is collected from nearly the entire thin film area.
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Figure 3.37: In vacuo AES measurements of the deposited thin films after cooling down
to room temperature. The characteristic transition energies are exemplarily identified
for the thin films deposited using N+(40 eV, 0.1) [202]. Note, that the spectra of the
thin films deposited using N+2 (80 eV, 0.1) were recorded at a sensitivity of 100 mV due
to the otherwise oversaturated N intensity while the remaining spectra were measured
at a sensitivity of 50 mV.
After the thin film growth and subsequent cooling down to room temperature, in
vacuo Auger electron spectroscopy (AES) measurements with an electron acceleration
voltage of 2.5 kV were performed to validate the absence of significant impurities of
the thin films and qualitatively assess the abundance of N and Ga at the thin film
surface (see fig. 3.37). Note, that the relative Auger sensitivity for oxygen (∼ 0.5) is
significantly higher than for nitrogen (∼ 0.3) [202]. Therefore, the observed oxygen
coverage is within expected limits and no further impurities are observed. Further,
the high carbon concentrations at deposition times is originating from the substrate
and decreases as GaN is deposited on it. Overall the slight declining of the nitrogen
signal in combination with increasing Ga intensities throughout the depositions might
indicate a minor oversupply of Ga, which could manifests in the occasional formation of
metallic Ga droplets. However, these droplets would be transformed into GaN during
the continuing nitrogen irradiation or additional nitridation steps and generally do not
noticeably influence the surrounding thin film properties.
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3.3.1 Growth Rates and Thin Film Topography
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Figure 3.38: (a) Expected film thicknesses and growth rates based on the provided
nitrogen fluxes. (b) Resulting average film thicknesses determined by XRR (refer to
fig. 3.39 for the measurements). Due to low film thicknesses and additional interface
intermixing, some film thicknesses are not determined. The dashed lines are linear fits
and yield the annotated growth rates.
Assuming a complete nitrogen incorporation, the expected film thicknesses can be
determined based on the arriving nitrogen flux (see fig. 3.38(a)). Note however, that
these do not account for columnar growth and hence introduced voids between not fully
coalesced domains. Further, recall that the nitrogen molecule is required to dissociate
in order to participate in the thin film growth. Therefore, only energetic nitrogen ions
feature sufficient ion kinetic energies to facilitate a collision induced dissociation upon
impact. The average film thicknesses are determined using XRR as shown in fig. 3.38(b).
The respective measurements are provided in fig. 3.39. The average film thicknesses are
linearly fitted (dashed lines) in order to estimate the respective growth rate for each
combination of the ion species, ion kinetic energy and I/A ratio. Note, that at lower
deposition times some thicknesses are excluded due to their ambiguity arising from the
roughnesses at the substrate interface and thin film surface. The hence determined
growth rates of ∼5-9 nm/h are in the expected order of magnitude. The average thin
film densities are not further evaluated as they are expected to be strongly dependent
on the film thickness and the progress of coalescence. Further, the critical angle is
additionally broadened due to its coincidence with the film thickness induced oscillations.
For especially prominent examples of the latter refer to the measurements at deposition
times of 60 or 90 min in fig. 3.39(b).
In fig. 3.40, AFM measurements, height profiles and RHEED patterns (insets) of the
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Figure 3.39: XRR measurements of the deposited thin films. The measurements are
offset by a cumulative factor of ×10 with increasing deposition time.
deposited thin films are depicted with increasing deposition time (from left to right).
The RHEED patterns are taken after the respective depositions are concluded. For
association and indexing of the respective pattern with the GaN phases refer to e.g.
fig. 2.4. The height ranges of the measurements are between zero and the annotated
z-values in nm. Apparent ripples across multiple domains for shorter deposition times
are attributed to atomic steps of the substrate in combination with the limited thin film
thicknesses. Further, note that in the case of N+2 (40 eV, 0.1) at 300 min the coalescence
progressed to the point that the AFM tip cannot fully reach the bottom of grooves
between adjacent domains. Hence, the apparent height is reduced. Supplementary
horizontal profiles of the center of the respective AFM measurements are extracted
and plotted in fig. 3.41. Moreover, the area normalized height profiles are additionally
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depicted with common scales in fig. 3.42 for further comparison. In combination, they
highlight the topography of individual domains and the abruptness of their edges. As
such, comparably round edges yield tails towards lower values in the resulting height
profiles.
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z=7 z=11 z=16 z=29
z=5 z=11 z=18 z=38
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Figure 3.40: Topography and height distributions of the deposited GaN films as ob-
tained by AFM. The color bars and histograms originate at zero and have the indicated
z values as maximum in nanometer. The AFM scan size is 2×2µm2. The insets depict
the corresponding RHEED patterns after the depositions.
While all series demonstrate a visible increase in domain sizes with longer deposition
times, different evolutions of the topography become apparent especially in direct com-
parison of the thin films grown under assistance of atomic and molecule nitrogen ions
at a common ion energy of 40 eV and I/A ratio of 0.1 (upper half of fig. 3.40). After
30 min the film deposited using N+(40 eV, 0.1) features a uniform coverage of nuclei that
appear consistent in size and height. The corresponding RHEED pattern hints towards
the presence of a significant amount of w-GaN with comparably broad distributions
of the crystallite alignment. In contrast, the thin film deposited using N+2 (40 eV, 0.1)
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Figure 3.41: Horizontal profiles extracted from the center of the respective AFM mea-
surements shown in fig. 3.40. As comparison, a horizontal height profile of the substrate
is added in each case.
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Figure 3.42: Area normalized AFM height profile evolution with increasing deposition
times for the respective combinations of nitrogen ion species, ion kinetic energies and
I/A ratios.
features larger domains with comparably smooth surfaces at this point. Based on the
RHEED pattern, significant twinned z-GaN phase content is developed. In between the
larger domains, smaller domains fill the grooves and are associated with the second peak
in the height profiles at lower heights. After 60 min the film deposited using N+2 (40 eV,
0.1) further increased in domain size and demonstrates - based on the RHEED pattern
- improved alignment between individual crystallites. This trend is further developed
at 90 min and coalescence is almost complete at 300 min, naturally yielding a further
narrowed height distribution, as the contribution of grooves is reduced. Note, that at
this point 3D contributions to the RHEED pattern are no longer distinguishable and
Kikuchi lines become apparent. The fading of 3D contributions suggests that they were
originally caused by transmission through the columnar domains and not the growth
mode itself.
In contrast, using N+(40 eV, 0.1) the height distribution between individual domains
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is significantly larger yielding a predominant 3D RHEED pattern that in turn displays
reduced overall brightness. The latter is originated in diffraction of the electrons in the
volume of individual domains and possible subsequent scattering in neighboring domains
that are further extended in growth direction. Especially in comparison between the
growth stages of N+(40 eV, 0.1) with the ones observed under N+2 assistance at half
the deposition time, it becomes apparent that the differences are not plainly derived
from the nitrogen availability. In order to directly enable the comparison, thin films
deposited using half the ion flux (N+2 (40 eV, 0.05)) are prepared. Consequently, the
nitrogen supply is expected to be equivalent after dissociation of the molecule.
However, while the N+2 (40 eV, 0.05) assistance yields indeed 3D w-GaN nuclei at
30 min, the thin film already develops the above observed smooth zinc blende domains
after 60 min. This indicates that the formation of this topography is indeed induced
by the use of N+2 and not determined by the available nitrogen supply. The delay of
the formation in comparison to N+2 (40 eV, 0.1) is anticipated by the reduced nitrogen
flux and hence reduced growth rate. With due regard to the reduced growth rate, the
observed topography evolution towards longer deposition times compares well to the
films deposited using N+2 (40 eV, 0.1).
At a deposition time of 30 min with assistance of N+(80 eV, 0.1), the thin films demon-
strate w-GaN nuclei that visually appear to feature comparable lateral sizes to the films
deposited using N+(80 eV, 0.1). At 60 min twinned z-GaN and residual w-GaN contri-
butions are discernible in the RHEED pattern. Meanwhile, the lateral extent and height
of individual domains increased but significantly varies across the observed area. This
trend continues up to the deposition time of 300 min, whereby the overall height and
hence average film thickness surpasses those of the other growth series. It is expected
that this behavior originates in a generally slightly higher sticking probability of the
incident nitrogen flux due to the elevated ion kinetic energy of 80 eV [203, 204].
In order to quantify the evolution of surface features, height height correlation func-









(zj+m,i − zj,i)2, (3.9)
where N, M are the size of the measurement in the x-y-plane and m = τ/∆x, with
∆x being the distance between two neighboring points and τ is the resulting distance
coordinate. It is commonly treated to be Gaussian shaped [158–161]:
HHCF(τ) = 2σ2{1− exp[−(τ
ξ
)2α]}, (3.10)
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where ξ and α are the correlation length and Hurst exponent, respectively. The Hurst
exponent is a qualitative measure of the short-range roughness or jaggedness of a surface
- i.e. it describes structure of grain surfaces, that is smooth for values close to one and
rough for values close to zero [162]. Following the notion of Gredig et al. [159] and Sinha
et al. [161], the HHCF saturates for τ >> ξ such that
HHCF(τ >> ξ) ∼= 2σ2. (3.11)
For τ << ξ, the expression above is found to occasionally overestimate the Hurst expo-
nent [159]. Therefore, this region is additionally fitted using
HHCF(τ << ξ) ∼= Aτ 2α, (3.12)
with A being a constant (see fig. 2.22(a)). The intersection of both approximations is
equivalent to the correlation length ξ, that is proportional to the average size of surface
features, i.e. the grain size. For well separated cylindrical grain shapes, Fekete et al.
[163] determined that the average grain size is adequately described by multiplying the
correlation length with a factor of 2.6. Due to the here present crystalline nature of the
grains, that feature different symmetries based on the crystal phase, a similar expression
is expected but not established.
The HHCFs of the above AFM measurements in fig. 3.40 and resulting surface quanti-
ties are shown in fig. 3.43 and fig. 3.44, respectively. Due to the nature of the deposition
method, material system and early growth stage, multiple competing processes deter-
mine the evolution of the thin film features. Therefore, common descriptions of the
surface scaling, like e.g. the evolution of the interface width according to the power law
σ ∝ tβ, are not capable to reproduce the observed growth instability induced mound
formation and coalescence effects. More elaborate models based on extensions of the
local stochastic continuum equation are discussed by e.g. Michely and Krug [84], Evans
et al. [205] or Pelliccione and Lu [206]. However, due to the their individual complexity
in combination with the limited number of thin film for each deposition series, a selec-
tion and following application of a particular model is not attempted here. Nonetheless,
the quantification of the surface features allows for valuable insight in otherwise only
qualitative description of the thin film evolution. The individual trends of the HHCFs
in fig. 3.43 are summarized in the interpretation of their fit values in the following.
Initially, it becomes evident in fig. 3.44(a) that the interface width, which corresponds
to the overall roughness of the thin films, correlates well with the film thickness and
therefore is not significantly influenced by the assisting ion species. Note, that the film
deposited with N+2 (40 eV, 0.1) shows a reduced roughness since the AFM tip is not able
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Figure 3.43: HHCFs of the AFM measurements provided in fig. 3.40. The dashed and
continuous lines are fits using a power and Gaussian function, respectively. Note that
the HHCF of the film deposited over 300 min in (b) is shifted towards lower amplitudes
as the coalescence progressed to the point at which the AFM tip is not capable anymore
to reach down into the voids between mounds of the thin film. For details refer to the
text.
to reach the bottom of the grooves due to their coalescence induced limited width.
The lateral coherence lengths as shown in fig. 3.44(b) generally demonstrate compa-
rable domain size trends for the thin films deposited with N+2 (40 eV, 0.1) and N
+
2 (40 eV,
0.05). Noticeably reduced domain sizes are observed in the early stages of the thin
film formation for both N+(40 eV, 0.1) and N+2 (80 eV, 0.1). However, at average film
thicknesses of ∼ 10 nm, the differences become negligible. Hence, the impact of the
ion beam induced kinetics on the lateral domain size is predominantly reflected in the
nucleation and subsequent formation of initial larger crystal domains. This is expected
to be accompanied by significant differences in the thin film growth rates depending on
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Figure 3.44: Extracted fit parameters of fig. 3.43 for increasing average film thickness as
determined by XRR: (a,b) Interface width σ and lateral coherence length ξ as extracted
from Gaussian fits, respectively. (c) Hurst exponent α as extracted from power function
fits. The dashed lines are guides for the eye. In case of missing average film thicknesses,
the values are estimated based on the determined growth rates in fig. 3.38.
the choice of the detailed ion beam parameters (i.e. ion species and ion kinetic energy)
as the lateral extent of the domains would yield reduced height with respect to the
assumption of equal volume.
Finally, the Hurst exponent, which is a qualitative measure of the short-range rough-
ness, demonstrates a trend towards smoother surfaces (α = 0.9) at thicknesses above
∼ 20 nm. This is manifested by smooth surfaces of individual domains and decouples
the roughness introducing height variations across different domains. As such, Krim
and Indekeu [162] emphasized the effect of surface diffusion on the increase of α, since
the local rearrangement of adatoms has a significant impact on the short-range rough-
ness. For comparison, e.g. NH3-MBE InGaN quantum wells and PECVD a-SiOxNy thin
films were reported by Perani et al. [160] to feature exponents of 0.65 and 0.75, respec-
tively. The spread at lower average film thicknesses is expected to be associated with
the transition from initially 3D droplet-like islands towards larger, quasi-2D domains.
A comparable transition was previously observed and extensively described for Au films
on TiO2(110) [207, 208]. Fanfoni et al. [208] deducted in terms of island density kinetics
that the redistribution of matter is inhibited between the larger domains, once a certain
surface coverage is reached, whereby the exact threshold is, among others, depending
on the domain shape. Among the discussed shapes, triangular ones, which would corre-
spond to ideal zinc blende crystallites in this case, were observed to feature the lowest
threshold for this kind of behavior. Hence, yielding an accelerated growth rate in com-
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parison to other domains, that are here observed to reside in the forming grooves in
between the larger domains. Similarly, Evans et al. [205] described the growth instabil-
ity induced formation of this kind of mounded surface morphology by the inhibition of
downward material transport. A quantification of this inhibition is commonly given by
the concept of the Ehrlich-Schwöbel barrier (ESB), which enables the reproduction of
the observed topographies, explicitly also for the synthesis of GaN [87]. However, while
the exact value of the ESB has been used to predict the detailed shape of individual do-
mains [33, 86], the initial formation of the mounded formation is not further elaborated
in this framework.
3.3.2 Crystal Structure
The above discussed trends towards the formation of a predominant zinc blende GaN
phase of increasing crystalline quality with increasing film thickness are based on the
interpretation of the RHEED pattern in fig. 3.40. In the following, the interpretations
are verified and quantified using (ex situ) in-plane XRD measurements. The in-plane
geometry is chosen since the expected thin film reflection intensities are limited in this
context due to the early growth stages.
In fig. 3.45 2θχ/φ-measurements are depicted with increasing deposition time. Based
on the above observations and previous investigations [178] an initial formation of w-
GaN, that saturates after the initial nucleation, is expected and indeed observed. Addi-
tional w-GaN content gain is associated with possible inclusions of the wurtzite phase
in the otherwise z-GaN during growth. After the initial nucleation the formation of
z-GaN yields a continuous increase of the reflection intensity. Both trends are schemati-
cally annotated by black arrows in fig. 3.45(a). The trends in fig. 3.45(b-d) analogously.
Additional annotations include the literature values and derived W Lα positions due to
the use of a graphite monochromator by arrows next to the indicated reflection indices.
The reflection at 33.7◦ is has been associated with defects in the SiC substrate [209],
but also fits the hexagonal β-Si3N4(1011) reflection [210]. It is expected that in the
beginning of the deposition some amount of the energetic N ions are incorporated in the
6H-SiC, which could at the used substrate temperature of 700◦C result in the formation
of SixNy.
Under the assumption of comparable crystal twist distributions (see the in-plane rock-
ing curves in fig. 3.49) the cumulative GaN volume can be estimated using the sum of
the reflection area intensities of both phases. This is realized in fig. 3.46(a) and demon-
strates that the films deposited using N+(40 eV, 0.1) and N+2 (40 eV, 0.05) feature a
nearly identical volume gain with time as expected by the overall nitrogen availability
after dissociation of the molecular ion. However, the films deposited with N+2 (40 eV,
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Figure 3.45: 2θχ/φ-measurements of the deposited thin films with increasing depo-
sition time. For each observed material system the literature values and derived W
Lα positions due to the use of a graphite monochromator are indicated by arrows next
to the annotated reflection indices. In (a) the expected trends for the w-GaN(1010)
and z-GaN(220) reflections are indicated for the ideal case of wurtzite nucleation layer
followed by a zinc blende thin film without further inclusions. Note, the initially dom-
inant incoherent background at the z-GaN(220) position due to the high intensity of
the nearby substrate reflection. The utilized ion beam parameters are included in the
legend, respectively.
0.1) feature a significantly higher cumulative reflection intensity, especially in the early
stages of the growth. This is in agreement with the above AFM measurements. On
the other hand, the thin films deposited using N+2 (80 eV, 0.1) demonstrate an initially
reduced volume comparable to the values of N+(40 eV, 0.1). Nevertheless, the difference
to N+2 (40 eV, 0.1) decreases with increasing deposition time and ultimately surpasses
it, which in turn is in agreement with the above observed growth rates based on the
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Figure 3.46: (a) Cumulative thin film reflection intensity of the combined w-GaN and
z-GaN in-plane reflection areas as shown in fig. 3.45 with increasing deposition time.
(b) Reflection area ratios of w-GaN(1010) and z-GaN(220) with increasing deposition
time. Omitted values at a deposition time of 30 min demonstrated no confidently dis-
cernible amount of z-GaN. The dashed lines are guides for the eye.
average thin film thicknesses as determined by XRR. Though, the different evolutions
at lower deposition times might indicate nonlinear growth rates in the beginning of the
deposition related to the availability or incorporation of nitrogen.
In fig. 3.46(b) the ratio of the GaN reflection area intensities is calculated to estimate
the respective abundance of w-GaN and z-GaN. The approach follows the methodology
described in section 3.2. Omitted values at a deposition time of 30 min demonstrated no
confidently discernible amount of z-GaN. The trend towards a predominance of z-GaN
is observed, with N+2 (80 eV, 0.1) and N
+(40 eV, 0.1) featuring comparably high wurtzite
content at a deposition time of 60 min. For N+2 (40 eV, 0.1) and N
+
2 (40 eV, 0.05) the
measured phase compositions appear to be already strongly in favor of the zinc blende
GaN phase at deposition times of 30 and 60 min and continue this trend for longer
deposition times.
Next, the average 2θχ reflection center positions of w-GaN(1010) and z-GaN(220) as
well as their FWHMs are utilized in fig. 3.47 and fig. 3.48 to gain insight in the in-plane
strain and crystallite size of the thin films with increasing deposition times, respectively.
Note, that the measurements are carried out ex situ and therefore correspond to reflec-
tion positions at room temperature. For both GaN phases the reflection positions are
shifted towards higher 2θχ-angles indicating the presence of compressive strain acting in
this in-plane component. With increasing deposition times the observed relative change
of the lattice spacing generally decreases. Though, the values are considerably lower
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Figure 3.47: 2θχ reflection center positions of w-GaN(1010) (a) and z-GaN(220) (c)
as well as their respective relative lattice constant deviations (b, d). Omitted values at
a deposition time of 30 min demonstrated no confidently discernible amount of z-GaN.
The dashed lines are guides for the eye.
for z-GaN (0.1-0.2%) than w-GaN (0.4-0.6%) at a deposition time of 300 min. As a
reference, the literature in-plane lattice mismatch of both GaN phases with respect to
the 6H-SiC substrate is 3.54% at room temperature [132]. Further, the thermally in-
duced lattice expansion of GaN between room temperature and the utilized deposition
temperature of 700◦C is approximately 0.35%, the exact value depending on the GaN
phase [132]. The respective reference values of the lattice spacings are annotated.
The average in-plane crystallite sizes are inversely proportional to the FWHM of the
2θχ reflection. However, their quantitative determination would require precise knowl-
edge of the crystallite shape and a high degree of homogeneity among them. Therefore,
the interpretation of reflection broadening is performed only qualitatively. As such, the
3.3 Impact of the Ion Species on Growth Instabilities 113





 N + ( 4 0  e V ,  0 . 1 )
 N 2 + ( 4 0  e V ,  0 . 1 )
 N 2 + ( 4 0  e V ,  0 . 0 5 )












d e p o s i t i o n  t i m e  i n  m i n
(a)




1 . 2  N
+ ( 4 0  e V ,  0 . 1 )
 N 2 + ( 4 0  e V ,  0 . 1 )
 N 2 + ( 4 0  e V ,  0 . 0 5 )













d e p o s i t i o n  t i m e  i n  m i n
(b)
Figure 3.48: FWHMs of the 2θχ reflections for z-GaN(220) (a) and w-GaN(1010) (b).
Omitted values at a deposition time of 30 min demonstrated no confidently discernible
amount of z-GaN. The dashed lines are guides for the eye.
observed general decrease of the FWHMs with longer deposition times indicates an in-
crease in the in-plane extent of the crystallites and reaches comparable values for both
GaN phases (see fig. 3.48). However, changes of the domain sizes are most significant in
the very beginning of the growth (<90 min). The thin films deposited using N+2 (40 eV,
0.1) are noticeable for their comparably large domain sizes already at a deposition time
of 30 min. This observation is also well reflected in the above discussed topography as
determined by AFM measurements.
Analogously to fig. 3.45, in-plane rocking curve evolutions are depicted in fig. 3.49
with increasing deposition time for the w-GaN(1010) and z-GaN(220) reflections. The
z-GaN in-plane rocking curve contains contributions of the substrate - due to the pres-
ence of the above mentioned incoherent background - that are noticeable at low z-GaN
reflection intensities. In these cases the respective curves are treated as the superpo-
sition of two reflections and the contribution associated with the thin film is indicated
with an arrow. Due to the ability to distinguish the origin of the contributions, the
measurement of rocking curves enables the detection of even minuscule reflection inten-
sities at the expected position of z-GaN(220), that was not achievable based on the 2θχ
reflections. Hence, the determination of the overall abundance of GaN and the ratio of
the two phases is possible at a deposition time of 30 min for all of the presented ion beam
parameters. Additionally, inaccuracies introduced by different crystallite twist distri-
butions are exchanged with those of varying crystallite sizes, which were elaborated on
above. The respective trends are shown in fig. 3.50(a,b). While the above determined
trends in cumulative reflection intensity gains remain generally unaltered, the intensity
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Figure 3.49: Evolutions of the in-plane rocking curves (φ-scans) of the annotated
reflections with increasing deposition time. The z-GaN in-plane rocking curve contains
contributions of the substrate - due to the presence of an incoherent background - that
are noticeable at low z-GaN reflection intensities. In these cases the respective curves
are treated as the superposition of two reflections and the contribution associated with
z-GaN is indicated with an arrow, respectively.
ratios reveal and quantify the high w-GaN content during the nucleation of the thin
films. The thin film deposited using N+2 (40 eV, 0.1) remains to have already developed
a substantial z-GaN content at 30 min.
In fig. 3.50(c,d), the in-plane rocking curve FWHMs are depicted for both GaN phases.
With increasing deposition time a general trend towards narrowing crystallite twist dis-
tributions can be discerned. As denoted above, the most significant changes are appre-
hended in the beginning of growth. It is noticeable that the z-GaN reflections feature
predominantly narrower distributions than the wurtzite ones. Further, N+2 (40 eV, 0.1)
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Figure 3.50: Analogous to fig. 3.46, the sum (a) and ratio (b) of the reflection area
intensities for the in-plane rocking curves of both GaN phases are compared for increas-
ing deposition time. The gray continuous line in (b) indicates the expected intensity for
the case of sole w-GaN presence. (c,d) In-plane rocking curve FWHM evolution with
increasing deposition time. The dashed lines are guides for the eye.
prominently demonstrates a comparably narrow twist distribution in case of both phases
starting at a deposition time of 30 min. The narrow FWHM of N+2 (80 eV, 0.1) at 300 min
is expected to arise from the observation, that the same film demonstrates the overall
highest amount of w-GaN and as such features a not negligible amount of highly ori-
ented wurtzite inclusions as observed in a previous study (see e.g. fig. 3.32). Thin films
deposited using this ion beam parameters also already exhibit comparably well oriented
z-GaN crystallites at deposition times of 30 min, that are expected to correlate with the
overall further progressed growth of the thin film. The latter can e.g. be deducted from
the cumulative thin film reflection intensity in fig. 3.50(a).
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3.3.3 Growth Mode and RHEED pattern evolution
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Figure 3.51: Exemplary RHEED pattern at the beginning (a) and the end (b) of a thin
film deposition taken along the annotated azimuthal directions. The white, continuous
lines are averaged horizontal profiles of the pattern, that are generated for y position
ranges as spanned by the orange rectangles. The orange, dashed lines are Gaussian fits
to the indicated x position ranges. Additionally, vertical line profiles along the gray
dashed lines are used in the following.
After comparing the average in-plane lattice constants and crystallite twist distributions
at different distinct deposition times, the in situ evolutions of the RHEED patterns
are evaluated for the thin films deposited over the time span of 300 min. Due to the
comparably long deposition times, the RHEED pattern were recorded in intervals of
1 min and their intensities are normalized to account for drift and perturbations of the
measurements. The relevant extracted initial and final RHEED pattern of the thin
films deposited with N+2 (40 eV, 0.1) assistance are shown in fig. 3.51 to introduce the
methodology of the following evaluation. Initially, the horizontal profiles of the RHEED
pattern are vertically averaged over the height range annotated by the orange rectangles
in fig. 3.51. For an exemplary evolution of the extracted profiles refer to fig. 3.52(a).
This is motivated in the ability to include both the substrate and thin film reflections,
such that their transition can be described in one continuous evaluation. Note, that
the thin film reflections include the zinc blende as well as the wurtzite GaN phase,
whose reflections do not coincide in their vertical positions. Next, a Gaussian with
linear background of variable slope is fitted to the three distinct regions that are limited
horizontally by the widths of the annotated orange rectangles to determine the respective
spacing between either side and the center of the pattern. Both spacings were observed
to coincide well and hence are averaged in the following. The separation of the substrate
pattern dSiC at the beginning of the deposition is then used in combination with the
known lattice constant of 6H-SiC (aSiC = 0.309 nm at 700
◦C) to determine the spacing
of the changing averaged reflection maxima. The resulting in-plane lattice constant afilm
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The evolution of the averaged in-plane lattice constant is plotted e.g. in fig. 3.52(c).
The saturated in-plane lattice constants are in agreement with previously observed ones
of thin films deposited on 6H-SiC(0001) using PA-MBE [37] and metalorganic MBE
without the use of buffer layers on the same substrate [211]. Note, that the annotated in-
plane lattice parameter a∗z-GaN is related to the lattice constant a of z-GaN by a factor of√
2/2 due to its epitaxial relationship with the substrate. Further, the average FWHMs
of the extracted horizontal profiles are determined as a measure of the relative crystallite
alignment with time (see e.g. fig. 3.52(d)). Note, that in the beginning of the deposition
contributions of the substrate are significant to the pattern separation and their FWHM.
With increasing time, the thin film contributions increase and substrate contributions
decrease in intensity due to the surface sensitivity of RHEED. Additionally, the vertical
profiles are exctracted at the position of the gray dashed line in fig. 3.51. These primarily
enable the observation of the growth mode and GaN phase contributions during the
deposition (see e.g. fig. 3.52(b)). However, the distinction between z-GaN and w-GaN
is only possible for 3D reflection patterns. The association and indexing of the reflection
pattern are annotated in the respective depictions.
In fig. 3.52 the above introduced evaluations are prepared for the thin film deposited
using N+(40 eV, 0.1) assistance and complemented with additional RHEED patterns at
different deposition times. It is noticeable that substrate reflections are narrowing while
their separation is increased in the initial minutes of the deposition. In case of significant
radiation damage to the 6H-SiC substrate, a volume increase and hence expansion of the
in-plane lattice constants would be expected [212]. The here observed decrease of lattice
constant is therefore associated with N incorporation and the resulting substitution of
C [213–215]. The formation of a limited SixNy interface would also substantiate the
previously discussed Si3N4-related reflection in the in-plane XRD investigations. The
nitridation of SiC surfaces has been observed in the context of heteroepitaxial growth
of GaN and AlN on SiC by e.g. Losurdo et al. [216] and Brown et al. [217]. The
respective maximum shift position of the in-plane lattice constant towards lower values
is annotated as t0.
The initial fading of the substrate reflections is accompanied by the agglomeration
of Ga and N at the substrate surface. Due to the partial incorporation of N in the
substrate, the availability of N is expected to be shifted towards Ga-richer conditions
at this time. After a few minutes sufficient Ga is available at the surface to capture
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Figure 3.52: Evolutions of horizontal (a) and vertical (b) profiles of the RHEED pat-
tern. Extracted in-plane lattice constants (c) and average horizontal FWHMs of the
RHEED profile fits (d). (e) Exemplary RHEED patterns and horizontal profiles for dif-
ferent deposition times. For details refer to the text. The thin film was deposited using
N+(40 eV, 0.1) assistance and featured a average film thickness of 28 nm as determined
by XRR.
the majority of the incoming N and GaN continues to nucleate. Due to the low criti-
cal thickness of GaN on 6H-SiC (∼ 1 nm) the thin film pattern is slightly shifted with
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respect towards the substrate positions yielding a broadening of the averaged RHEED
profiles (see fig. 3.52(d)). Further, since the substrate pattern intensity is fading and film
reflections start to manifest higher intensities, the profile positions and hence average
lattice constants transition to be only defined by GaN (see ∼ t1 in fig. 3.52(c)). Finally,
at ∼ t2 the lattice constants saturate and only marginally change afterwards. Assuming
a constant deposition rate, the thin film thickness at this time can be estimated to be
2.6 nm. Next, until a deposition time of about 90 min the FWHM of the reflections con-
tinues to narrow. Meanwhile, the initial streaky RHEED pattern at 20 min transitions
to feature broadened 3D contributions of twinned z-GaN at 45 min that continues to
prevail. However, the underlying 2D streaky pattern does not fade completely.
In fig. 3.53, the analogous RHEED pattern evolution is depicted for the case of
N+2 (40 eV, 0.1) assistance. In comparison to the use of N
+(40 eV, 0.1) it is evident
that the initial GaN formation is accelerated by about a factor of two as indicated the
by annotations in fig. 3.53(c). This is accompanied by a reduced decrease of the observed
in-plane lattice constant. At this point it is unclear if this is related to the increased N
availability after dissociation of the molecule or the effectively reduced ion kinetic energy
due to the utilization of a molecular ion beam. Nevertheless, at this time the increased
growth rate yields the complete vanishing of substrate reflections in the RHEED pattern
before a deposition time of 15 min. Further, while the initial w-GaN contributions are
observable (see e.g. fig. 3.53(b) at a y position of about 100), the RHEED pattern di-
rectly develops an intense streaky pattern. 3D twinned z-GaN contributions develop at
about 30 min but fade again after a deposition time of about 180 min. Due to the nature
of the profile averaging, this yields the average FWHM of the RHEED profiles being
predominantly defined by the thin film streaks. Thus, the initial dip as in fig. 3.52(d) is
not observed. Note, that the saturated in-plane lattice constants are marginally smaller
than the observed ones using N+(40 eV, 0.1) assistance, which coincides well with the
above observed shifts of the XRD in-plane 2θχ reflections. However, the here denoted
trends are limited to the respective surface during the deposition and not averaged over
the entire thin film volume as in the case of the above presented XRD measurements.
The RHEED pattern evolution of the thin film deposited using N+2 (40 eV, 0.05) is
shown in fig. 3.54. If the observed growth is predominantly determined by effects induced
by the N availability or kinetics associated with the ion species, the thin films would be
expected to be comparable to the ones deposited using N+(40 eV, 0.1) and N+2 (40 eV,
0.1) assistance, respectively. As such the annotated characteristic times of the in-plane
lattice constants in fig. 3.54(c) are in good agreement with the ones in case of N+(40 eV,
0.1) assistance (see fig. 3.52(c)). In combination with the initial decrease of the in-
plane lattice constants, this yields the conclusions that the initial nucleation speed is
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Figure 3.53: Evolutions of horizontal (a) and vertical (b) profiles of the RHEED pat-
tern. Extracted in-plane lattice constants (c) and average horizontal FWHMs of the
RHEED profile fits (d). (e) Exemplary RHEED patterns and horizontal profiles for dif-
ferent deposition times. For details refer to the text. The thin film was deposited using
N+2 (40 eV, 0.1) assistance and featured a average film thickness of 37 nm as determined
by XRR.
primarily determined by the N availability and that N is incorporated in SiC even
using N+2 with an ion kinetic energy of 40 eV. The initial comparably broad average
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Figure 3.54: Evolutions of horizontal (a) and vertical (b) profiles of the RHEED pat-
tern. Extracted in-plane lattice constants (c) and average horizontal FWHMs of the
RHEED profile fits (d). (e) Exemplary RHEED patterns and horizontal profiles for dif-
ferent deposition times. For details refer to the text. The thin film was deposited using
N+2 (40 eV, 0.05) assistance and featured a average film thickness of 32 nm as determined
by XRR.
FWHM of the RHEED profiles is associated with a slight overexposure of the CCD
camera in the beginning of the deposition that resulted in a broadening of the substrate
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reflections. However, the appearing thin film pattern features significant 2D streaks,
that are comparable to the ones observed for the assistance of N+2 (40 eV, 0.1), albeit
at a later time due to the reduced growth rate. While the 2D streaks are slightly less
intensive than for N+2 (40 eV, 0.1), they prevail until the end of the deposition. As such,
the comparison of fig. 3.54(b)) with the previously observed vertical pattern evolutions
indicates clearly that the two-dimensionality of the surface is emphasized. Though it is
not as homogeneous as observed using N+2 (40 eV, 0.1), the - in this context - advanced
domain formation and the height homogeneity of individual domains is observed to be
lesser influenced by the N availability and is therefore predominantly associated with
the choice of the ion species and hence induced kinetics during growth.
Finally, the RHEED pattern evolution of the thin film deposited using N+2 (80 eV, 0.1)
is depicted in fig. 3.55. Despite providing twice the N flux in comparison to the previous
case, the characteristic times annotated in fig. 3.55(c) are comparable to N+2 (40 eV,
0.05) and N+(40 eV, 0.1). Hence, indicating that significant N is unavailable during the
initial nucleation, that is expected to be incorporated into the SiC substrate due to the
elevated ion kinetic energy of 80 eV. As such, the thin films deposited using N+2 (80 eV,
0.1) indeed demonstrated the largest XRD reflection intensities that are associated with
SixNy (see fig. 3.45). Note, that after the initial decrease of the in-plane lattice constant
in fig. 3.55(c) the slope of its change between t0 and t2 is significantly larger than in
the case of N+2 (40 eV, 0.05) as well as N
+(40 eV, 0.1). At this time, an extensive 3D
w-GaN contribution is observed to form in addition to underlying 2D streaks. The
3D contributions transition comparably late (∼ 45− 60 min) to twinned z-GaN, which
identifies the origin of the elevated w-GaN XRD reflection intensities. The trend of the
average RHEED profile FWHM in fig. 3.55(d) is analogous to the case of N+(40 eV,
0.1) but features broad distributions in the very beginning of the deposition, due to a
slight overexposure of the CCD camera. At later deposition times (see fig. 3.55(e) at
> 90 min) the general trend of the RHEED pattern stays steady, showing distinctly with
increasing deposition time narrowing 3D twinned z-GaN reflections and underlying 2D
streaks.
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Figure 3.55: Evolutions of horizontal (a) and vertical (b) profiles of the RHEED pat-
tern. Extracted in-plane lattice constants (c) and average horizontal FWHMs of the
RHEED profile fits (d). (e) Exemplary RHEED patterns and horizontal profiles for dif-
ferent deposition times. For details refer to the text. The thin film was deposited using
N+2 (80 eV, 0.1) assistance and featured a average film thickness of 43 nm as determined
by XRR.
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3.3.4 Conclusions
Using ion energy and mass filtered hyperthermal nitrogen ion beam assisted MBE, the
impact of atomic and molecular nitrogen ion species on the nucleation and evolution of
GaN thin films are separately investigated. While the formation of crystalline quality
reducing atomic displacements in the bulk of the growing thin films is observed to
be negligible at an ion kinetic energy of 40 eV and the otherwise chosen deposition
conditions, the deposited thin films demonstrated nonetheless different topographies
based on the choice of the nitrogen ion species. As such, the use of atomic nitrogen
ions promoted broader height distributions across multiple domains. Meanwhile, using
molecular nitrogen ions the different domains exhibit narrow height distributions with
only limited tails in the height profiles. The latter indicates sharper borders of the
domains and results in the conclusion, that the use of N+2 at an ion kinetic energy of
40 eV generally does not provide sufficient adatom mobility in order for material to
escape the top of individual domains. Hence, they homogenize the vertical growth rates
of different domains. Effects of the N availability during this stage of the growth are
found to be of minor significance, as thin films deposited using N+2 at half the ion current
shared this trend, albeit at an reduced initial growth rate that is comparable to the use
of N+ assistance.
The influence of the ion beam kinetics on the growth are further explored by the
use of N+2 assistance at an ion kinetic energy of 80 eV. During the impact induced
dissociation of the molecule, the kinetic energy is expected to be distributed among the
individual atoms, therefore approximating comparable conditions per atom as with the
use of N+(40 eV). The thus deposited thin films demonstrate an initial extended w-GaN
nucleation layer and afterwards develop towards a surface topography that is indeed
comparable to the use of N+ at half the ion kinetic energy. However, the initial transition
from the droplet-like w-GaN nucleation layer towards the pronounced meta-stable z-GaN
mounded growth is found to be primarily dependent on the N/Ga availability during the
initial moments of the thin film formation. The exact underlying mechanisms responsible
for the formation of the z-GaN phase remain not well understood. Nevertheless, the here
presented insights into the nucleation and early growth stages of GaN thin films are
capable to separate the individual impact of otherwise experimentally superimposed ion
species dependent growth kinetics. A detailed understanding and engineering thereof
could enable the precise control of the coalescence behavior during thin film growth by
tuning the geometry across individual domains as they come in contact with each other.
4 Summary and Conclusions
The fundamental investigations of this work aspire an advance in the understanding
of the individual impact of different ion species during ion assisted thin film growth.
While ions are an omnipresent part of manifold physical and chemical vapor deposi-
tion techniques, they are inherently accompanied by ionization induced limitations that
manifest among others in a blend of ion species in the utilized ion beams and plasmas.
In practice, their separation or the suppression of individual ion species is elaborate and
usually not feasible. Nevertheless, insights into the role of individual ion species during
the thin film formation are of value not only from a fundamental point of view but also
for the continuous development of ion beam and plasma technologies. As such, this
work consists of three parts that are summarized in the following:
Characterization of the Quadrupole Mass Filter System
An existing ion assisted MBE setup was equipped with a custom-designed quadrupole
mass filter system. This enables the separation of the most prominent nitrogen ion
species in plasmas and ion beams while maintaining sufficiently high ion current densi-
ties in order to perform growth studies. During its extensive optimization and charac-
terization, it was demonstrated that the mass filter is capable of achieving isotopic mass
resolution if required. Further, the achievable ion current densities (∼ 1µA/cm2) are
sufficient to enable deposition experiments at reasonable ion energy resolutions and de-
position durations. The observed ion current losses while passing the mass filter system,
in comparison to a mixed species ion beam, are identified to predominantly originate
in the coupling of ions into and out of the quadrupole mass filter. Thus, space charge
limitations of the mass filter system are not yet reached. The demonstrated flexibility
by its utilization with a variety of ion sources and overall compactness of the mass filter
system facilitate its possible future application in manifold research areas, like e.g. sur-
face sputter experiments, doping of thin films and 2D materials as well as preparative
mass spectrometry.
Influence of the I/A Ratio and Ion Kinetic Energy
After having established the required foundations for the ion energy and mass selected
IBA-MBE, GaN on 6H-SiC was chosen as a model system to perform initial ion species
selective growth studies for a wide range of nitrogen ion to gallium atom arrival ratios
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(I/A ratios) and two distinct ion kinetic energies (40 eV and 80 eV) at a substrate tem-
perature of 700◦C. GaN is an ideal candidate for such studies since molecular nitrogen
can only participate in the thin film growth after its dissociation. Therefore, the result-
ing differences between the grown thin films can be directly and exclusively linked to
the provided energetic nitrogen flux.
The resulting thin films are found to differ in thickness, topography, crystalline qual-
ity, phase composition and morphology. The film thicknesses were compared for different
I/A ratios to identify whether the respective growth is gallium or nitrogen supply lim-
ited. As such, nitrogen supply limits were observed for the use of N+ at I/A ratios
below 0.25. Therefore, N+2 assistance enabled higher growth rates due to its efficient
dissociation and incorporation. For the lower ion kinetic energy, the highest crystalline
qualities are found at comparable N/Ga arrival ratios, accounting for the dissociation
of molecular nitrogen ions. However, films deposited with N+2 assistance demonstrate
a narrower height distribution, indicating a more pronounced 2D nature of the growth.
At the higher ion kinetic energy N+ is identified to be the dominant cause of deteriorat-
ing crystalline quality of the GaN thin films for the typical use of a mixed ion species
flux. Additionally, the achievement of a comparably high crystalline quality during the
N+2 assisted growth at kinetic energies of 80 eV motivates efforts of a precise control of
the involved ion species during thin film growth, as higher ion kinetic energies typically
result in a more efficient ion extraction and higher transport limits that are otherwise
introduced by space charge effects in the ion source and during the subsequent trans-
port. This in turn yields the benefit of higher achievable growth rates. The deposited
thin films feature increasing w-GaN phase contents with increasing N/Ga ratio and in
case of a significant ion induced damage as is observed during the utilization of N+ as-
sistance at an ion kinetic energy of 80 eV. Moreover, the observed variability of the GaN
phase composition from almost purely wurtzite to almost purely zinc blende establishes
possible conditions to explore e.g. alternating w-/ z-GaN multilayer thin films, that
were not realized before in a controlled fashion.
Impact of the Ion Species on Growth Instabilities
Note, that due to the here utilized comparably low deposition temperature in the context
of GaN synthesis a pronounced columnar growth is expected. While this implies an
ideal scenario to study the impact of ion induced kinetic processes on the structure
formation of the thin films, the columnar growth is accompanied by the independent
evolution of individual crystalline domains especially prior to the coalescence. Hence,
changes in the average crystalline quality and topography might not be completely
independent of the progress of said coalescence and thus thin film thickness. Therefore,
deposition conditions that feature comparable averaged crystalline qualities and growth
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rates are selected based on the growth study above. This effort is motivated in a
decoupling of those influences and the impact of the choice of individual ion species on
the growth kinetics, which was expected to give an unprecedented insight in the ion-solid
interactions involved.
As such, the use of atomic nitrogen ions was observed to promote broader height dis-
tributions across multiple domains throughout the evolving growth stages. Meanwhile,
using molecular nitrogen ions the different domains exhibit narrow height distributions
with only limited tails in the height profiles. The latter indicates sharper bounds of
the domain surfaces and results in the conclusion, that the use of N+2 at an ion kinetic
energy of 40 eV generally does not provide sufficient adatom mobility in order for mate-
rial to escape the top of individual domains. Hence, homogenizing the vertical growth
rates of different domains. Effects of the N availability during this stage of the growth
are found to be of minor significance, as thin films deposited using N+2 at half the ion
current shared this trend, albeit at an reduced growth rate that is comparable to the
use of N+ assistance.
The influence of the ion beam kinetics on the growth are further explored by the
use of N+2 assistance at an ion kinetic energy of 80 eV. During the impact induced
dissociation of the molecule, the kinetic energy is expected to be distributed among the
individual atoms, therefore approximating comparable conditions per atom as with the
use of N+(40 eV). The thus deposited thin films demonstrate an initial extended w-GaN
nucleation layer and afterwards develop towards a surface topography that is indeed
comparable to the use of N+ at half the ion kinetic energy. However, the initial transition
from the droplet-like w-GaN nucleation layer towards the pronounced meta-stable z-GaN
mounded growth is found to be primarily dependent on the N/Ga availability during the
initial moments of the thin film formation. The exact underlying mechanisms responsible
for the formation of the z-GaN phase remain not well understood. Nevertheless, the here
presented insights into the nucleation and early growth stages of GaN thin films are
capable to separate the individual impact of otherwise experimentally superimposed ion
species dependent growth kinetics. A detailed understanding and engineering thereof
could enable the precise control of the coalescence behavior during thin film growth by
tuning the geometry across individual domains as they come in contact with each other.
In summary, a setup to independently investigate the impact of the most prominent
nitrogen ion species present during ion-assisted deposition was established and applied
to the low temperature growth of GaN thin films on 6H-SiC. N+ at higher ion kinetic
energies was for the first time independently identified to be the predominant cause of a
deteriorating crystalline quality during growth. Precise control of the ion beam param-
eters yielded the capability to vary the average GaN phase content from almost purely
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wurtzite to the meta-stable zinc blende GaN phase. Even in case of a comparably high
crystalline quality, the atomic and molecular nitrogen ions were independently deter-
mined to yield distinct thin film topographies throughout the entire observed evolution
of the thin film formation.
While the here presented insights explicitly do not aim to promote the use of only
mass filtered ion fluxes during ion assisted deposition, they nonetheless highlight the sig-
nificantly distinct contributions of the individual nitrogen ion species on the exemplary
growth of GaN by ion-beam assisted MBE. Moreover, the demonstrated considerations
are valid beyond this example and motivate a detailed exploration of the individual role
of ion species during the formation of thin films that could yield copious insights in the
occurring ion-solid interactions and potentially redirect current ion beam and plasma
technology development endeavors.
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• T. Lautenschläger, D. Spemann, J.W. Gerlach, E. Thelander, M. Mensing, L. Pietzonka,
E. Rohkamm, C. Bundesmann, Reactive ion beam sputter deposition of TiO2: Influence
of target material and sputter gas, XXV. Erfahrungsaustausch Oberflächentechnologie mit
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• A. Weidt, M. Mensing, J. Lehnert, S. Mändl, M. Zink, S.G. Mayr, Carbon implantation
of TiO2 nanotubes for biomedical applications, 3rd Soft Matter Day, Leipzig, Germany,
06.07.2018
• J. Lehnert, D. Spemann, H. Hatahet, M. Mensing, C. Grüner, P. With, P. Schumacher,
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